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a b s t r a c t

Beijing has suffered from major air pollution in recent years from PM10. In this study, we investigated the
transport pathways and potential sources of PM10 concentration based on backward trajectories and
PM10 concentration records from 2003 to 2009. Four transport pathways of high PM10 existed. One was
the northwest pathway, which had the most frequency of occurrence in spring and winter, and traveled
over the southern Mongolia, western Inner Mongolia, and Loess plateaus. The second one was the south
pathway, which mostly occurred during May and September, and passed from the south of Beijing. The
third one was the V-shape southwest pathway, which occurred mostly during early autumn and passed
over the west and south of Hebei. The highest PM10 concentration was found with the southwest
pathway, which occurs mostly in April and October, and traveled over the Loess Plateau and the west and
south of Hebei. Low concentrations of PM10 with the southwest and east pathways were possible due to
intensive precipitation in summer. Characterizing with the lowest PM10 concentration, the north
pathway was possible associated with strong winds that leaded to diffusion of air pollutants in Beijing.
The contribution of PM10 from long transported was about 39.3 mg m�3, which accounted for about 26.0%
of the PM10 concentrations in Beijing.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Particulate matter with aerodynamic diameters smaller than
10 mm (PM10) was found to be harmful to human health (Schwartz
et al., 1996; Ostro et al., 2006). Beijing, a mega city, drew much
attention from researchers due to its air pollution (Chan and Yao,
2008; Parrish et al., 2009). PM10 is the major pollutant in Beijing. Its
annual average concentrations from2000 to 2008were 162,165,166,
141, 149, 142, 161, 148, and 122 mg m�3, respectively (Beijing
Environmental Protection Bureau annual reports, 2000e2008).
These concentrations exceeded the national second-class air-quality
standard of 100 mg m�3 for PM10 in China and the guideline of
20 mg m�3 recommended by the World Health Organization (WHO,
2006).

Effective PM10 control strategies in Beijing require knowledge of
transport pathways and potential sources of PM10, and methods
based on trajectories analysis had been commonly applied to this
problem. Cluster analysis (Moody and Galloway, 1988; Borge et al.,
2007) and trajectory sector analysis (TSA) (Parekh and Husain,
1982) can be used to identify transport pathways. Potential
source contribution function (PSCF) (Ashbaugh et al., 1985) was
used to investigate potential sources. However, little research had
All rights reserved.
been done in Beijing based on these methods. Wang et al. (2004)
used trajectory clustering and PSCF to identify three principal
transport pathways for high-concentration PM10 in Beijing. Their
study, focused on PM10 pollution solely during springtime, only
considered a 3-year data set from 2001 to 2003.

In this study, we investigated transport pathways and potential
sources of PM10 in urban Beijing for all seasons over a continuous
7-year data set from 2003 to 2009 by using multiple methods,
including trajectory clustering, TSA, and PSCF.

2. Data and methods

2.1. PM10 data

The daily PM10 Air Pollution Index (API) (from noon to noon) data
at two rural sites, two suburban sites and eight urban sites (Fig.1a, b)
from 2003 to 2009 were obtained from the Beijing Environmental
Protection Bureau (BJEPB) Web site (BJEPB, 2003e2009). The API
values were converted to PM10 concentrations using the API equa-
tions. The PM10 concentration was treated as missing when the
primary pollutant was not PM10. Moreover, a PM10 concentration of
600 mgm�3 was assigned to eventswhen the API equaled 500,which
only accounted for 0.12% of the total data in the seven years. The
missing data made up 6% of the total.

Daily PM10 concentration in the urban areas of Beijing was
calculated by averaging concentrations from the eight urban

mailto:songyu@pku.edu.cn
www.sciencedirect.com/science/journal/13522310
www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2010.10.040
http://dx.doi.org/10.1016/j.atmosenv.2010.10.040
http://dx.doi.org/10.1016/j.atmosenv.2010.10.040


Fig. 1. (a) Two rural sites (squares): Yanqing (1) and Miyun (2), Two suburban sites
(triangles): Tongzhou (3) and Fangshan (4); (b) Eight urban stations (dots): Dongsi (5),
Guanyuan (6), Tiantan (7), Wanshouxigong (8), Aotizhongxin (9), Nongzhanguan (10),
Yungang (11) and Gucheng (12). The limit of panel (b) is the inner rectangle in panel
(a). Population density data (2 km resolution) in urban areas was of the year 2000.

Fig. 2. Seasonal average concentrations of PM10 in the urban areas of Beijing from
2003 to 2009. Error bar illustrates the standard deviation of PM10 concentrations.
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stations. Seasonal average concentrations of PM10 from 2003 to
2009 were illustrated in Fig. 2. High PM10 concentrations in Beijing
always occurred in the spring (March, April, and May), followed by
autumn (September, October, and November) and winter
(December, January, and February), then summer (June, July, and
August).
2.2. Backward trajectory modeling

Backward trajectories were calculated using the HYSPLIT_4
(Hybrid Single-Particle Lagrangian Integrated Trajectory, Version 4)
model (Roland and Hess, 2004) with NCEP/NCAR (National Centers
for Environmental Prediction NCEP/National Center for Atmospheric
Research) Global Reanalysis meteorological data. The reanalysis data
was available at every 6 h on the surface and at mandatory 17 pres-
sure levels from 10 to 1000 hPa (http://ready.arl.noaa.gov/gbl_
reanalysis.php).

Beijing experiences high PM10 pollution during spring dust
storms. The typical wind speed of such dust storms is approxi-
mately 7 m s�1 or more, and the sand and dust sources are located
about 1000e2000 km northwest of Beijing. Thus it usually takes
less than 70 h for dust storms to reach Beijing. Using a backward
trajectory length of 72 h was therefore reasonable for capturing
such dust storms.

We used several receptor heights, i.e., 100, 200, 300, 500, and
1000 m, to study the transport pathways using the clustering
method. However, no significant differences were found among the
results except that the lengths of trajectories could increase with
receptor height. We selected 200 m as the receptor height for the
following reasons. First, PM10 concentrations are often measured
below the surface layer, typically at 200 m, and pollutants within
this layer are well mixed. Second, both horizontal and vertical
advections were considered when calculating the backward
trajectories (Roland and Hess, 2004). Air masses from higher or
lower heights could thus reach the 200 m receptor height.

Backward trajectories started from the center of Beijing
(39�5402700N, 116�2301700E) at 00:00, 06:00, 12:00, and 18:00 UTC
each day. In total, 10,204 trajectories were generated throughout
the study period. Although 6-h PM10 concentrations are generally
preferable, using the 24-h average for each of the four 6-h periods
still yielded representative results. Using a statistically robust
number of trajectories was important to minimize errors (Qureshi
et al., 2006).

2.3. Trajectory cluster method

As latitude increases, distances in the west-east direction
decrease relative to longitude. To avoid this issue, we converted
latitude and longitude into x, y distances in Cartesian coordinate,
which were later used as clustering variables. Other studies have
also applied this type of conversion (Cape et al., 2000; Riccio et al.,
2007).

A two-stage clustering procedure (Davis, 1991; Eder et al., 1994;
Oanh et al., 2005) was used to produce clusters. In the first stage
(the hierarchical clustering stage), the number of clusters was
selected, the mean trajectories of clusters were defined, which
were further used as seeds to start the second stage (the k-means
clustering stage). However, this clustering method often resulted in
long trajectories being highly separated, even though they origi-
nated from the same geographical region, since the Euclidean
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distances between endpoints within longer trajectories were very
large. In contrast, many short trajectories representing slow-
moving air masses were grouped together even though they came
from very heterogeneous regions (Borge et al., 2007).

To achieve better representation of slow-moving air masses,
after implementing the two-stage clustering procedure for the first
time, trajectories within shorter clusters (or cluster) were grouped
together as a new sample and re-clustered by the two-stage clus-
tering procedure again to generate new short-trajectory clusters.

A vital problem in applying the clustering method is selection of
a reasonable number of clusters the hierarchical clustering stage. A
classic selection method involves analysis of the percentage change
in root mean-square deviation (RMSD) with change in the number
of clusters (Dorling et al., 1992). However, the results produced by
this method were not satisfactory. RMSD results did not represent
well the airflow classifications because too many clusters were
similar or even overlapped.We obtained nine clusters in total, six of
which generally came from the northwest. What was more, the
RMSD failed to provide a clear description of the slow-moving air
masses that had been found to cause high concentrations of PM10 in
Beijing (An et al., 2006; Chen et al., 2008).

Therefore, we used the “jump points” of the fusion coefficients
instead. Fusion coefficients provide an index of the relative distance
of trajectories being merged at each stage of the hierarchical clus-
tering stage (Aldenderfer and Blashfield, 1984). We calculated the
fusion coefficients of each cluster number from one to ten. These
fusion coefficients were plotted against the associated number of
clusters. A jump point of a fusion coefficient is the point at which
the fusion coefficient increases greatly when the number of clusters
decreases by one. The jump point indicates that two relatively
dissimilar clusters have been merged, and thus the number of
clusters prior to the merger is the most probable cluster solution.
2.4. TSA method

Twelve 30� sectors were used to evaluate the influence of air
mass direction on PM10 concentrations. Sector 1 was from due
Fig. 3. Mean 72-h backward trajectories of the nine clusters. Dashed lines denoted 12
sectors (numbered in italics).
north and 30� east of north; sectors 2e12 were numbered in
a clockwise direction with increment of 30� (see Fig. 3). The loca-
tion of the trajectory during the first 6 h was excluded since the
sectors could be not well-defined close to the origin, and a small
amount of curvature in a trajectory can lead to spurious results (Bari
et al., 2003). Equations (1)e(3) were used to calculate the mean
concentration from sector j (Cj) and the relative contribution from
sector j (%Cj),

Cj ¼

XN

i¼1

Cifij

Nj
; (1)

Nj ¼
XN

i¼1

fij; (2)

%Cj ¼
CjNj

X12

j¼1

CjNj

100; (3)

where N is the total number of trajectories, Ci is the concentration
of PM10 within the ith trajectory, fij is the time passed through
sector j for the ith trajectory, and Nj is the total time during which
trajectories passed through sector j.

2.5. PSCF method

The PSCF value can be understood as a conditional probability
that describes the spatial distribution of probable source locations.
The domain for PSCF computation stretched 76� in latitude and 76�

in longitude with the center of Beijing (39�5402700N, 116�2301700E),
containing 23,104 grid cells of 0.5� � 0.5�.

The staying time of all trajectories in a single grid cell is nij, and
mij is the staying time in the same cell that correspond to the
trajectories that arrived at a receptor site with pollutant concen-
trations higher than a pre-specified criterion value (70th percentile
of PM10 concentrations was used in this study). The PSCF value for
the ijth cell is then defined as

PSCFij ¼
mij

nij
: (4)

To remove the large uncertainty caused when a grid cell has
small staying time and large PSCF values, usually a weight function
W(nij) is multiplied into the PSCF value to better reflect the
uncertainty in the values for these cells (Polissar et al., 2001a,b). In
our study the W(nij) was:

W
�
nij

� ¼

8>><
>>:

1:00
�
80 < nij

�
0:70

�
25 < nij � 80

�
0:42

�
15 < nij � 25

�
0:17

�
nij � 15

�
(5)

The W(nij) values were based on former researches (Polissar
et al., 2001a,b; Han et al., 2005). The classification of nij was
obtained empirically by running the PSCF Fortran program many
times. Being similar to the studies of Polissar et al. (2001a,b),
classifications leaded to high unrealistic attribution of source areas
were excluded. For example, the north and east of Beijing where no
high PM10 sources located was not expected to have high PSCF
value. Finally, regions with high PSCF values were regarded as the
potential sources.



Fig. 4. Seventy-two-hour backward trajectories within the nine clusters.
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Fig. 4. (continued).

Fig. 5. Frequency of occurrences for the nine clusters in each month during the study
period.
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3. Results and discussion

3.1. Clustering results

In the average-linkage clustering stage, no obvious jump point
could be determined. We tried using foureten clusters. After
a visual inspection, we chose five as the number of clusters because
this gave the best representation of airflow classifications. Among
those five clusters, four relatively long clusters were retained;
trajectories within the shorter cluster were re-clustered into five
shorter clusters based on an obvious jump point. Finally we got
nine clusters. The number of trajectories in nine clusters was 1912,
1978, 1274, 1029, 878, 930, 975, 815, and 413, respectively. Fig. 3
illustrates the mean trajectories of each cluster and Fig. 4 shows
the trajectories within each cluster.

Fig. 5 presents the monthly frequencies of the nine clusters. We
tried to link the frequency of each cluster with themonsoon climate
in North China. In winter, North China is located southeast of the
Mongolian high and thus a northerly flow prevails (clusters #1, #3,
and #4). During the spring, the Mongolian high decreases and
moves back to the northwest, and the winter monsoon transitions
to the summer monsoon. In summer, the weather is controlled by
the India low and the Pacific subtropical high. North China is
located in a flat trough, and thus southerly flow is more frequent at
this time (clusters #5, #6, and #8). In autumn, the summer
monsoon transitions to the winter monsoon. Trajectories within
cluster #7 did not show a clear direction (Fig. 4), possibly reflecting
the seasonal conversion of the monsoon (Gu, 1991).



Fig. 6. PM10 concentrations within the nine clusters. A solid square denotes the mean.
The horizontal line across the box is the median, the lower and upper hinges represent
the 25th and 75th percentiles, respectively, while the lower and upper cross represent
the 1th and 99th percentiles, respectively.
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Trajectories within different clusters of airflow had distinct
effects on the PM10 concentrations (Fig. 6). Mean PM10 concentra-
tion was 180.1, 109.3, 160.8, 106.8, 126.8, 130.7, 165.3, 176.0 and
234.0 and 149.7 mg m�3 for clusters #1e#9, respectively. The
highest PM10 concentration was found in cluster #9, while the
lowest PM10 concentrations were found in clusters #2 and #4. A
KruskaleWallis test (Brankov et al., 1998) was applied to test the
significance of inter-cluster variation in PM10 concentration. The
results showed a statistically significant (p < 0.05) difference in
PM10 concentrations among clusters. A Dunn test (Bonferroni test)
(Brankov et al., 1998) was then used to determine which clusters
differed from the others. Only the PM10 concentrations within
cluster pairs #2 and #4, #1 and #8, #3 and #7, and #5 and #6 had
no significant differences (p > 0.05), while PM10 concentrations
within any of the remaining pairs of clusters were significantly
Fig. 7. Distribution of anthropogenic emissions of PM10 in the north of China. Emission da
emissions inventory.
different. Given that trajectories in clusters #2 and #4 traveled in
a similar direction, we merged them as the northern pathway (see
Section 3.2.7).

3.2. Transport pathways and potential sources

Here we discuss PM10 transport pathways in Beijing based on
the clustering, TSA, and PSCF results. High PM10 concentrations in
the TSA sectors would imply high polluted pathways. Along such
pathways, the high emissions could probably located, which were
indicated by high PSCF values.

3.2.1. The southwest pathway (cluster #9)
The southwest pathway was based on cluster #9 (Figs. 3 and 4).

Trajectories in this pathway mainly moved in a southwesterly
direction and frequently occurred in April and October (Fig. 5),
months characterized by conversions between the summer and
winter monsoons (Zhou, 1989). The high frequency of this pathway
in April and October may have contributed to high PM10 concen-
trations in Beijing in spring and autumn (Fig. 2). The highest PM10
concentrations (Fig. 6) along the southwest pathwaywere probably
associated with emissions from Shanxi and the south and west of
Hebei (Fig. 7). Shanxi, the center of China’s energy, metallurgy, and
coal chemical industries, has had serious air pollution problems in
recent years, coinciding with the rapid development of these highly
polluting industries. In 2004, air quality in 28 Chinese cities was
below the National Grade III standard, and five of these cities were
located in Shanxi. Among them, Linfen and Yangquan, the twomost
polluted cities, were located along the southwest pathway (Niu and
Ren, 2006). Anthropogenic emissions in the west and south of
Hebei were also considerable (Fig. 7) (including high vehicular
emission, Cai and Xie, 2007), which was supported by a large
amount of urban land in that region (Fig. 8).

Moreover, calm winds often prevailed at the eastern foot of
Mount. Taihang (e.g., Weixian, Fuping, Shijiazhuang, and Shexian;
Fig. 9, Table 1) and over the southern Hebei Plain (e.g., Baoding,
Xingtai, and Handan; Fig. 9, Table 1). Thus, the pollutants in this
calm zone were not likely to diffuse, and serious air-quality
ta was from Streets et al. (2003), with a 6-min resolution updated from the TRACE-P



Fig. 8. Barren or sparsely vegetated land and urban and built-up land in North China. Data from The Moderate Resolution Imaging Spectroradiometer (MODIS) MCD12Q1 product
(year 2007), available from https://lpdaac.usgs.gov/lpdaac/products/modis_products_table/land_cover/yearly_l3_global_500_m/mcd12q1.
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problems probably arise because of the accumulation of air
pollutants. Hence, the highest concentration of PM10 along the
southwest pathway was probably due to a combination of high
emissions and the calm zone.

Mean PM10 concentrations for sectors 7e9 were highest
(Fig. 10a), which was in good agreement with the most polluted
southwest pathway. The southwest pathway traveled over the
Loess Plateau (potential source S1) and the west and south of Hebei
(potential source S2) (Fig. 11).
Fig. 9. Topography of regions near Beijing (1000 km � 1000 km). The approximate and
limit of Fig. 9 is the inner rectangle in Fig. 8.
3.2.2. The south pathway (cluster #8): the summer monsoon
and topographic effects

The south pathway was based on cluster #8 (Figs. 3 and 4) and
was frequently occurred fromMay to September (Fig. 5), possibly in
association with the summer monsoon (Gu, 1991) and topographic
effects. Due to friction (Fig. 9), warm and moist air masses from the
south curve cyclonically on the eastern side of Mount. Taihang and
anti-cyclonically on the western sides of Mount. Tai and Mount. Lu,
ultimately resulting in a prevailing southerly wind on the Southern
Hebei Plain (Gu, 1991). High PM10 concentrations along this
pathway were probably related to emissions from the east of
Henan, the north of Jiangsu, the middle and west of Shandong, and
the west and south of Hebei (Fig. 7) (including high vehicular
emission, Cai and Xie, 2007), which was supported by considerable
extent of urban land in those regions (Fig. 8). In addition, the calm
wind zone along the pathway may have increased concentrations
of PM10 even further.

High mean PM10 concentrations were found in sectors 6 and 7
(Fig. 10a), reflecting the highly polluted nature of the southern
pathway. The relative contribution from sector 7 was high, indi-
cating that a high contribution arrived from the south. The south
pathway passed over potential source S2 and the north of Anhui,
Henan, and Jiangsu and west of Shandong (potential source S3)
(Fig. 11).

3.2.3. The northwest pathway (clusters #1 and #3): the Mongolian
high and the Mongolian cyclone

The northwest pathwaywas based on clusters #1 and #3 (Figs. 3
and 4). Cluster #1 frequently occurred in autumn and winter, fol-
lowed by spring and then summer (Fig. 5). Thewestenorthwesterly
flow that characterizes clusters #1 and #3 may have been associ-
ated with the Mongolian high and Mongolian cyclones. In winter,
when the Mongolian high is active, the East Asian continent is
under the control of a strong northwesterly flow. In spring and
autumn, cold and warm airs appear frequently, and activity of the
Mongolian cyclone is strong (Wang, 1990). The trajectories in
cluster #3 were longer than those in cluster #1 (Figs. 3 and 4),
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Table 1
Frequencies (%) of the two most frequent wind directions in every month and the whole year on the east of Mount. Taihang.a

1 2 3 4 5 6 7 8 9 10 11 12 Whole year Data period

Weixian C 48 C 40 C 32 C 24 C 24 C 28 C 38 C 42 C 40 C 41 C 40 C 44 C 37 1960e1974
SW 7 N/SW 6 N 8 SW 11 SW 10 SE/SW 8 SSE 7 SE/SW 7 SW 7 SW 7 SW 8 W/SW 6 SW 8

Fupin C 53 C 41 C 38 C 28 C 26 C 26 C 31 C 38 C 38 C 45 C 46 C 40 C 38 1960e1961
SE 11 SE 12 SE 11 NW 14 SE16 SE16 SE16 SE17 NW 13 NW 11 NW 12 NW 14 SE/NW 8 1972e1974

Baoding C 20 C 16 C 14 SW 13 SW 16 C 14 C 23 C 26 C 24 C 21 C 18 C 22 C 18 1960e1974
N 11 SW 13 SW 11 N 12 SSW 12 SW 12 SW 12 N 13 SW 13 SW 14 SW 14 SW 12 SW 12

Shijiazhuang C 34 C 32 C 28 C 28 C 29 C 33 C 41 C 48 C 44 C 42 C 37 C 37 C 36 1960e1974
N 10 N 10 N 10 SE 12 SE 12 SE 12 SE 10 N/SE 8 SE 8 N 9 NW 8 N/NW 7 SE 9

Xingtai C 19 C 16 S 19 S 25 S 28 S 23 S 17 C 22 C 24 C 24 C 20 C 21 C/S 17 1960e1974
N 15 N 15 N 16 N 13 N 12 N 13 N 16 N 16 S 16 S 16 N 15 N 13 N 17

Shexian C 31 C 28 C 26 C 29 C 34 C 29 C 38 C 42 C 46 C 39 C 32 C 31 C 34 1962e1971
NE 15 NE 22 NE 16 NE 13 S 7 NE/S 9 NE10 NE 14 NE 12 NE 13 NE 11 NE 11 NE 12

Handan C 20 C 19 S 16 S 17 S 21 S 19 C 19 C 24 C 22 C 25 C 18 C 18 C 17 1960e1966
CN 14 N 14 N 13 N 13 SSW 15 C/SSW 12 S 14 N 12 S 14 S 15 N 14 N 13 S 14 1971e1974

Cangzhou C 12 SSW 10 SSW 14 SSW 16 SSW 19 SSW 15 C/SSW 11 C 16 C/SSW 13 SSW 15 SSW 13 SSW 13 SSW 13 1960e1974
SSW/SW 9 C/SW 9 SW 10 S 10 SW 12 E 10 S 9 NE/E/S/SSW 8 S/SW 9 C/SW 10 C 12 C 12 C/SW 9

a Date from Headquarters of Hebei Military region (1978). ‘C’ represents for calm winds, and ‘/’ means that the two have equal frequency.
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which may have resulted from a deeper Mongolian high in winter.
The high frequency of this pathway in spring may have contributed
to the high spring PM10 concentrations in Beijing (Fig. 2).

Low emissions (Fig. 7) were found in northwest Beijing where
there is little urban land (Fig. 8). The northwest pathwaymay link to
strong winds that dislodge and transport dust and sand along the
pathway (Fig. 8). This pathway was consistent with a pathway of
dust and sand identified by Wang et al. (2004). The PM10 concen-
tration of cluster#1was higher than that of cluster #3 (Fig. 6),which
may be the result of cluster #1 having a higher frequency of
occurrence in spring. TheMongolian cyclone assisted by a cold front
is the major weather system leading to dust events in Beijing (Yin
et al., 2007), and both of these systems are more frequent in spring.
Fig. 10. (a) Angular concentration and contribution profile for PM10 based on the TS
Sectors 10 and 11 had the highest relative contributions
(Fig. 10a), which means that the highest contributions came from
the northwest. The northwest pathway passed over potential
source S1, the south of Mongolia, and the west of Inner Mongolia
(potential source S4) (Fig. 11).

3.2.4. The V-shaped southwest pathway (cluster #7)
The V-shaped southwest pathwaywas based on cluster #7 (Figs.

3 and 4). This pathway represents relatively short and no-special-
directional trajectories from Hebei and Shanxi (Fig. 4). Airflows
along this pathwaygathered atMount. Taihang andmoved from the
southwest, with the highest frequency of occurrence in September
(Fig. 5). Air masses along this pathwaymay have been related to the
A method; (b) Transported PM10 concentration and contribution of each sector.



Fig. 11. PSCF map for PM10 and potential sources of PM10 in Beijing. S1: Loess Plateau;
S2: the west and south of Hebei; S3: the north of Anhui, Henan, and Jiangsu and west
of Shandong; and S4: the south of Mongolia, and the west of Inner Mongolia.
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conversion of the summermonsoon to thewintermonsoon in early
autumn (Zhou, 1989). This V-shaped pathway agreed with the local
frequency of wind directions. In Fuping and Baoding, calm wind
(Fig. 9, Table 1) was the most frequent wind in September, followed
by wind from the northwest and southwest directions, respectively
(Table 1).

The high frequency of this pathway in September may have
contributed to high autumn PM10 concentrations in Beijing (Fig. 2).
High concentrations of PM10 along this pathway could have origi-
nated from emissions in eastern Shanxi and western and southern
Hebei. The calm wind zone on the pathway may also have
contributed to the increased PM10 concentration. This slow-moving
southwest pathway agrees with that found in a case study based on
model stimulations (An et al., 2006), which identified high
concentrations of PM10 transported from the southwest area of
Beijing to the northeast by west and southwest winds under weak
wind situations. The pathway also agrees with conceptual
descriptions of pathways reported by Chen et al. (2008). Mean PM10
concentrations were the highest for sectors 7e9 (Fig. 10a), which
correspond to the highly polluted V-shaped southwest pathway
that passes over potential sources S1 and S2 (Fig. 11).

3.2.5. The southeast pathway (cluster #6): the summer monsoon
The southeast pathway, based on cluster #6 (Figs. 3 and 4),

frequently occurred in June and July (Fig. 5) and may have been
affected by the summer monsoon (Wang, 2005). The high
frequency of this relatively clean pathway in June and Julymay have
contributed to low PM10 concentrations in Beijing during summer
(Fig. 2). The southeast pathway was probably affected by emissions
from Shandong, Tianjin, and the north of Jiangsu. Although emis-
sions were considerable in these regions (Fig. 7), plentiful precipi-
tation in summer may have offset the increasing trend of PM10
concentrations bywet deposition. Summer precipitation accounted
for about 75% of the annual precipitation in Beijing (Beijing
Meteorology Bureau, 1987). In addition, air masses traveling with
this pathwaymay have avoided the calmwind zone in thewest and
south of Hebei. For example, the frequency of calm wind in Can-
gzhou (Fig. 9), which is located southeast of Hebei, was not very
high compared to that in cities lying west and south of Hebei
(Table 1). Average PM10 concentrations for sectors 4 and 5 were
relatively low (Fig. 10a), which is consistent with the less polluted
southeast pathway. Furthermore, PSCF values were low for regions
located along this pathway (Fig. 11).

3.2.6. The curved east pathway (cluster #5): the summer monsoon
The east pathway was based on cluster #5 (Figs. 3 and 4) and

occurred frequently in August (Fig. 5). Themean backward trajectory
of this pathway was curved, showing a northeast direction. Easterly
flow may be associated with the summer monsoon, while northerly
flow may result from northwesterly weather systems that occur
throughout the year. The easterly flow in July and August (peak
occurrence months for cluster #5) matched local records of wind
frequency in thenorth of Tianjin (Headquarters of the TianjinMilitary
Region,1979),which showed that eastwindwas themost frequent in
July and August for Baodi (Fig. 9). The high frequency of this relatively
clean pathway in July and August may have contributed to low
summer PM10 concentrations in Beijing (Fig. 2). This pathway was
probablyaffected byemissions fromTianjin andHebei. The frequency
of occurrence of this pathway peaked in August, which corresponds
to peak precipitation in Beijing. Precipitation during July and August
in Beijing accounts for about 65% of the annual value (Beijing
Meteorology Bureau, 1987). Intensive wet deposition may lead to
relatively low PM10 concentrations. Both the mean PM10 concentra-
tions and relative contributions to PM10 in Beijing were low for
sectors 2e4 (Fig. 10a). Low PSCF values were also found for regions
along this pathway (Fig. 11).

3.2.7. The northern pathway (clusters #2 and #4): the Mongolian
high, the Mongolian cyclone, and the Northeast China low

The northern pathway, including clusters #2 and #4 (Figs. 3 and
4), was the cleanest pathway (Fig. 6). Airflows included in cluster
#2 mainly traveled from the north, with the highest frequency of
occurrence in spring and a nearly consistent frequency of occur-
rence in winter, autumn, and summer (Fig. 5). Air masses in cluster
#2 may have resulted from the Mongolian cyclone or the Northeast
China low. TheMongolian cyclone occurs throughout the year, with
a higher frequency of occurrence in spring, and usually moves
eastward and then forms the Northeast China low (Liu, 1986). Air
masses in cluster #4, which had the highest frequency of occur-
rence in winter, followed by spring and then summer (Fig. 5),
mainly passed along a northwest direction. These air masses may
be linked to the Mongolian high. Few anthropogenic PM10 (Fig. 7)
sources and little barren land (Fig. 8) were located on this pathway.
Also, PM10 in Beijing was likely to diffuse due to the strong winds
associatedwith this pathway. The lowest PM10 concentrations were
associated with sectors 1 and 12 (Fig. 10a). Relatively low PSCF
values were also found for regions located along this pathway
(Fig. 11).

3.3. Background versus long distance transportation of PM10

Here we roughly estimate the background and long distance
transported PM10 in Beijing based on the methods of Bari et al.
(2003). The clustering (Fig. 6) and TSA (Fig. 10a) results indicated
that trajectories from the south and west were associated with high
PM10 concentrations, while trajectories from the east and north
were associated with relatively low PM10 concentrations. This
result was supported by PM10 concentrations at two rural sites and
two suburban sites (Fig. 1a, Table 2). The PM10 concentrations in
Yanqing andMiyunwere lower than those in Beijing, Fangshan, and
Tongzhou. So we estimated the background concentrations based



Table 2
Basic statistics (in mgm�3) of PM10 concentrations in rural, suburban and urban cites.

Site Mean Percentile 25 Median Percentile 75 Std deviation

Yanqing 132.0 80.0 114.0 162.0 72.5
Miyun 138.7 82.0 122.0 168.0 77.6
Tongzhou 155.3 96.0 134.0 188.0 84.9
Fangshan 175.9 110.0 150.0 218.0 93.4
Beijinga 150.4 91.0 134.0 185.0 84.1

a Average values from the eight urban sites (Fig. 1b).
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on the trajectories reaching Beijing from sectors 1, 2, 3, and 12 (east
and north). The mean PM10 concentration from these sectors,
defined as the “local background,”was 111.5 mg m�3. Fig. 10b shows
the concentrations and contributions of transported components
after subtracting the background PM10. Sectors 7e10 contributed
the most PM10, with concentrations of 64.5, 94.5, 92.5, and
74.5 mg m�3, contributing 36.6%, 45.9%, 45.1%, and 40.1%, respec-
tively, to the mean concentration of PM10 in each sector. By
combining the transported concentrations and the percent
frequency of air masses from various sectors, we determined that
the contribution of long distance transported PM10 in Beijing was
about 39.3 mg m�3, which would account for about 26.0% of the
PM10 concentration in Beijing.
4. Conclusions

In this study, trajectory clustering and PSCF methods were used
to investigate the transport pathways and potential sources of PM10
in Beijing based on 2003e2009 data. Nine clusters of backward
trajectories were generated, including four long clusters possibly
caused by the winter monsoon and five short clusters possibly
resulting from the summer monsoon and topographic effects.

Four transport pathways of high concentrations of PM10 were
identified. The northwest pathway may have been associated with
dust and sand in northwest Beijing and anthropogenic emissions
from Shanxi. The south pathway and the V-shaped southwest
pathway were linked to anthropogenic emissions from the south of
Beijing. The highest PM10 concentration was found along the
southwest pathway, which may have been affected by anthropo-
genic emissions from the Loess Plateau and the west and south of
Hebei. Moreover, the frequent occurrence of calm winds in the
south of Beijing could have contributed to the accumulation of air
pollutants.

The southeast pathway and the curved eastern pathway were
linked to relatively low concentrations of PM10 in Beijing, possibly
due to wet deposition caused by intensive precipitation in summer.
The lowest PM10 concentration was found for the northern
pathway, and may have resulted from low emissions and strong
winds that aided diffusion.

Both natural sources of dust and sand in southern Mongolia and
western Inner Mongolia and anthropogenic sources in Shanxi and
Hebei had significant impacts on the high concentrations of PM10 in
Beijing. Reducing anthropogenic PM10 emissions from the coal
industry, transportation, and construction in Shanxi and Hebei
could be an effective way to control PM10 pollution in Beijing.

It was also found that the contribution of PM10 from long
transported was about 39.3 mg m�3 accounting for about 26.0% of
the PM10 concentrations in urban Beijing.
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