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Trajectory cluster analysis, including the two-stage cluster method based on Euclidean metrics
and the one-stage clustering method based on Mahalanobis metrics and self-organizing maps
(SOM), was applied and compared to identify the transport pathways of PM10 for the cities of
Chaohu and Hefei, both located near Lake Chaohu in China. The two-stage cluster method was
modified to further investigate the long trajectories in the second stage in order to eliminate
the observed disaggregation among them. Twelve trajectory clusters were identified for both
cities. The one-stage clustering method based on Mahalanobis metrics gives the best per-
formance regarding the variances within clusters. The results showed that local PM10 emission
was one of the most important sources in both cities and that the local emission in Hefei was
higher than in Chaohu. In addition, Chaohu suffered greater effects from the eastern region
(Yangtze River Delta, YRD) than Hefei. On the other hand, the long-range transportation from
the northwestern pathway had a higher influence on the PM10 level in Hefei. Receptor models,
including potential source contribution function (PSCF) and residence time weighted
concentrations (RTWC), were utilized to identify the potential source locations of PM10 for
both cities. However, the combined PSCF and RTWC results for the two cities provided PM10

source locations that were more consistent with the results of transport pathways and the
total anthropogenic PM10 emission inventory. This indicates that the combined method's
ability to identify the source regions is superior to that of the individual PSCF or RTWC
methods. Henan and Shanxi Provinces and the YRD were important PM10 source regions for
the two cities, but the Henan and Shanxi area was more important for Hefei than for Chaohu,
while the YRD region was less important. In addition, the PSCF, RTWC and the combined
results all had higher correlation coefficients with PM10 emission from traffic than from
industry, electricity generation or residential sources, suggesting the relatively higher con-
tribution of traffic emissions to the PM10 pollution in Lake Chaohu.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Among the many types of particulates, those with aerody-
namic diameters smaller than 10 μm (PM10) were found to be
harmful to human health (Schwartz et al., 1996). In China, the
aerosol loading of the atmosphere in highly populated regions is
much higher than that found in other areas of the world, which
x: +86 10 62751187.
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may have significant effects on human health, causing respira-
tory and cardiovascular diseases and even lung cancers (Tie et al.,
2009). In addition, due to the protection providedby the element
carbon (EC) in these particulates (Venkataraman et al., 1994),
PM10 is thought to be an important carrier for the long-range
atmospheric transport of volatile organic compounds (VOCs)
such as polycyclic aromatic hydrocarbons (PAHs) (Hafner and
Hites, 2003; Lee et al., 2006).

The cities of Hefei and Chaohu are located around Lake
Chaohu, the fifth-largest shallow lake in China. According to
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data converted from the air pollution index (API) of 2006–2010,
Hefei, the capital of Anhui Province, has suffered significantly
higher air pollution from PM10 than Chaohu. The air pollution in
the Hefei–Chaohu area has already developed into a regional
problem rather than merely a local one (Li et al., 2008). Both
local emissions and long-range transportation may contribute
to this pattern. Air mass trajectory analysis can be applied to
identify and compare the two cities' transport pathways and
potential sources of PM10, which will also provide important
information about the VOCs in the ecosystem of Lake Chaohu.
However, little work focused on transport pathways and
potential sources of PM10 in this area based on trajectory
analysis has been conducted.

It has been demonstrated that clusters of back trajectories
arriving at a specific location can serve as surrogates for
different synoptic circulation patterns (Dorling et al., 1992).
The non-hierarchical clustering algorithm (k-means) is a usual
method of classifying air trajectories (Dorling et al., 1992;
Pongkiatkul and Oanh, 2007; Riccio et al., 2007). Borge et al.
(2007) argued that in trajectory clustering, long trajectories
were highly disaggregated, even though they came from the
same geographical region, while many short trajectories were
grouped together, although they came from heterogeneous
regions. Borge et al. (2007) proposed a two-stage clustering
procedure to further investigate the ‘short’ trajectory clusters
with unclear directionalities. However, the long trajectory
clusters are retained in two-stage clustering (Borge et al., 2007;
Zhu et al., 2011). Markou and Kassomenos (2010) divided the
trajectories into three groups in the first stage and reanalyzed
each of them in the second stage, but more clusters were
obtained for the ‘long’ cluster, which is inconsistent with the
viewpoint from Borge et al. (2007).

In addition, Euclidean metrics was applied for the trajectory
cluster analysis inmost of the studies (Borge et al., 2007; Cape et
al., 2000; Zhu et al., 2011). However, this algorithm leads to
different standarddeviations of the co-ordinates of the trajectory
points being far and near from the arriving point, which justifies
two-stage cluster analysis. Furthermore, the selection of
particular clusters to be included in this second-stage
analysis was based on the expert visual identification, which
is a subjective technique (Borge et al., 2007). If Mahalanobis
metrics (Mahalanobis, 1936) is utilized instead, which takes
into account different standard deviations of the ‘long’ and
‘short’ trajectories, two-stage cluster analysis will no longer be
necessary and the serious error in the subjective judgment will
be eliminated.

Artificial neural network (ANN) is an alternative method
of implementing cluster analysis. Owega et al. (2006) first
applied adaptive resonance theory (ART-2a) to cluster the air
trajectories in Toronto. Self-organizing maps (SOM) were
also utilized in several studies of trajectory cluster analysis
(Karaca and Camci, 2010; Tsakovski et al., 2009) and compared
with the hierarchical and non-hierarchical clustering methods
(Kassomenos et al., 2010). However, Kassomenos et al. (2010)
focused on the results' sensitivity to the arrival heights of the
trajectories. To date, no research has been conducted to
compare the classic clustering procedure and SOM method, a
project that could more clearly illuminate the advantages and
disadvantages of these clustering methods.

Cluster analysis of air mass trajectories can provide the
transport pathways of air parcels and particulates, but it has
difficulty locating their source regions (Stohl, 1996). Trajectory-
based receptor models, such as potential source contribution
function (PSCF) and residence time weighted concentrations
(RTWC), have proven useful in identifying these source regions
(Hopke et al., 1993). Comparisons between PSCF and RTWC
have been made in several studies (Han et al., 2004, 2007; Hsu
et al., 2003; Lai et al., 2007). However, a complete consensus on
which method was superior was not reached. Hsu et al. (2003)
concluded that the three methods presented relatively consis-
tent results but that each approach had its own advantages;
using them together provided better information on the source
locations.

The main goal of this study is to evaluate and compare the
transport pathways and potential sources of PM10 for two
cities located around Lake Chaohu with significantly different
levels of PM10 pollution. To eliminate the observed disaggre-
gation within the long-trajectory clusters in the first-stage,
the two-stage clustering method based on Euclidean metrics
(Borge et al., 2007) was modified that the corresponding
‘long’ clusters were also grouped together and reanalyzed in
the second stage and less clusters for the ‘long’ trajectories
were expected. Furthermore, with the same cluster numbers,
the one-stage clusteringmethod based onMahalanobismetrics
(instead of Euclidean metrics) and SOMwere both utilized and
comparedwith themodified two-stage clusteringmethod. The
PM10 pollution transport pathwayswere analyzed based on the
clusters obtained and validated by the potential sources of
PM10 determined by both the PSCF and RTWC methods in two
cities. The results provided by PSCF, RTWCand the combination
of the two were compared with the anthropogenic PM10

emission inventory in China and discussed.

2. Data and methods

2.1. PM10 emission inventory and data sources

The PM10 emission inventory of China in the year 2006
(Zhang et al., 2009) was developed to support the Intercon-
tinental Chemical Transport Experiment-Phase B (INTEX-B),
funded by the National Aeronautics and Space Administration
(NASA). All the major anthropogenic sources, including
electricity generation, industry, residential and transportation,
were considered separately in the emissions (Zhang et al.,
2009). The map of the total emission inventory and the
locations of Hefei and Chaohu are presented in Fig. 1.

The daily air pollution index (API) for the two cities from Jan.
1st, 2006 to Dec. 31th, 2010 was obtained from the website of
the Anhui EnvironmentalMonitor Center (AHEMC, 2006–2010).
The PM10 data were calculated according to the API equations
from Beijing Municipal Environmental Monitoring Center
(BJMEMC, 2012). The data were set as 0.025 mg/m3 (half of
the lowest monitoring value) when no primary pollutant was
given and was treated as absent when the primary pollutant
was not PM10. The percentage of missing data was 1.1% in total.
The seasonal average values of PM10 concentrations in the two
cities are illustrated in Fig. 2. Both cities have been suffering
from PM10 pollution with much higher concentrations than
the guideline of 20 μg/m3 recommended by the World
Health Organization (WHO, 2006). The PM10 concentrations in
Hefei were always higher than the annual average limit of
the second-class standard for PM10 (0.1 mg/m3) in China



PRD

Hubei

Henan

Shanxi
Hebei

Shandong

YRD

Zhejiang

Fig. 1. Anthropogenic emissions inventory of PM10 for China in 2006 with a 0.5 degree resolution (Zhang et al., 2009). The small box represents the basin of Lake
Chaohu and the locations of cities of Chaohu and Hefei.
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(GB3095-1996, 1996),while those in Chaohuwere all below the
standard. In addition, the data were generally lower in summer
and increased in the other three seasons.

2.2. Backward trajectory generation

HYSPLIT (Hybrid Single-Particle Lagrangian Integrated
Trajectory, Version 4.9) model (Draxler and Hess, 1997) with
NCEP/NCAR (National Centers for Environmental Prediction/
National Center for Atmospheric Research) global reanalysis
meteorological data was utilized to calculate 72 h of back-
ward trajectories started from the centers of the two cities
(Hefei: 31.867°N, 117.267°E; Chaohu: 31.616°N, 117.867°E) at
00:00, 06:00, 12:00 and 18:00 UTC each day. As the backward
trajectories at 500 m are expected to have the largest influence
on the PM10 concentration of the target site (Makra et al., 2011),
the receptor height was set at this arrival height as the lower
level of the atmospheric boundary layer. In addition, except for
length, no significant differences were found between the
results of the trajectories at different heights (100, 200, 300,
400, 500 and 1000 m) in the two cities.

2.3. Cluster analysis method

Each hourly endpoint of the trajectory consists of latitude,
longitude and altitude. Therefore, each trajectory is charac-
terized by 216 independent variables (3 dimensions∗72 h).
However, only latitude and longitude were considered in this
study since the trajectories in clusters tended to overlap when
altitude was included. Differences between the altitudes of the
trajectories will result in different transport lengths, which can
easily be classified according to latitude and longitude. In
addition, more variables in clustering may include more noises
and increase the uncertainty of the results. Thus, each trajec-
tory was characterized by 144 independent variables in this
study. This method has also been utilized in several other
studies (Borge et al., 2007; Li et al., 2012; Zhu et al., 2011).

The modified two-stage clustering approach based on the
Euclidean metrics was employed to investigate the character-
istics of air mass trajectories in the two cities. Initial ‘seeds’ for
k-means algorithmwere randomly selected from the available
trajectories. The entire procedure was iterated 100 times and
the solution with the lowest value of within-cluster sums of
point-to-centroid distances was returned. The optimum num-
ber of clusters retained was usually determined by comparing
and analyzing the R2 statistics (Kalkstein et al., 1987) or the
rootmean square deviation (RMSD) (Borge et al., 2007; Cape et
al., 2000) with the number of clusters included in the analysis.
In this study, the R2 statistics provided a better performance in
which a clear and reasonable cluster number was always
identified. After the first stage of clustering, both the short and
long trajectory clusters were grouped together separately and
reanalyzed (referred to as the second stage) with the same
methods as in the first stage. In addition, the one-stage
clustering based on Mahalanobis metrics and SOM were both
used to cluster the trajectories with the same number
ascertained in the previous process. Details of SOM method
can be found in (Karaca and Camci, 2010). Both of the possible
one- and two-dimensional SOM structures were used (e.g., for
8 clusters, both 1×8 and 2×4 SOM structures were analyzed).
After 100 training iterations for each structure, the result with
the highest R2 value was determined to be the best. All these
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Fig. 2. Seasonal average concentrations of PM10 in Chaohu and Hefei during the study period from 2006 to 2010. The standard deviations were represented by the
error bars. Solid and dashed lines represent the annual average limit of the second-class standard for PM10 (0.1 mg/m3) in China (GB3095-1996, 1996) and the
WHO (World Health Organization) recommended guideline (WHO, 2006), respectively.
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results will be compared with each other and the best results
will be utilized for the PM10 pollution transport pathways
analysis.

2.4. Potential source contribution function (PSCF) and residence
time weighted concentration (RTWC)

PSCF (Polissar et al., 2001) was employed to identify the
possible source locations of PM10 for the cities of Hefei and
Chaohu. The PSCF grids covered the northern hemisphere
between the longitude 45°E–170°E and the latitude 0°N–75°N
with 37,901 cells at a 0.5°×0.5° resolution. The PSCF value of cell
(i, j) is given by the following equation: PSCF(i, j)=m(i. j)/n(i, j),
where n(i, j) is the number of endpoints that fall in the ijth cell
and m(i, j) is the number of endpoints that fall in the ijth cell,
corresponding to trajectories with pollutant concentrations
higher than an arbitrary criterion value. Here, the criterion
value was set at the 75th percentile. To better reflect the
uncertainty in the values, an arbitrary weight function, W(i, j),
was multiplied into the PSCF value as follows (Heo et al., 2009;
Park et al., 2008).

W i; jð Þ ¼
1:0 3navebnij
0:7 1:5navebnijb3nave
0:4 navebnijb1:5nave
0:2 nijbnave

8>><
>>:

ð1Þ

where nave is the average number of the endpoints of all the
cells.
The PSCF method cannot distinguish larger sources from
moderate sources, as grid cells with the same PSCF values can
result from either sample with concentrations that are slightly
higher than the criterion or extremely high. Therefore, concen-
tration weighted trajectory (CWT) was proposed and Stohl
(1996) improved the CWT procedure with a concentration
redistribution method called the residence time weighted
concentration (RTWC). Stohl (1996) held that sources of air
pollutants are often concentrated in ‘hot spots’, making the
equal distribution of the concentration to each segment of the
related trajectory inappropriate. Details of the CWT and RTWC
methods are presented in the Supporting information, S1. In this
study, bothmethods (PSCF and RTWC) and a combination of the
two were used and compared with the emission inventory to
provide more information on the PM10 source areas.

3. Results and discussion

3.1. Air trajectory clustering results

As the cluster number decreased, a significant change in the
R2 value of the air trajectories in Chaohu was easily identified
after the cluster number of ten, so ten clusters were determined
in the first stage of clustering (Fig. 3a). Additionally, three
out of these ten clusters composed of relatively slow-moving
trajectories were grouped together and R2 identified the cluster
number of seven in the second stage, while the other seven
clusters with long trajectories were also reanalyzed and five
clusters were determined (Fig. 3b), indicating the presence of
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disaggregation in the long trajectory clusters. Fig. 4 gave an
example of the presence of disaggregation in the long trajectory
clusters. Cluster 8 (Fig. A3) was also separated into two clusters
in the first stage of clustering (not shown), and group together
in the second stage. However, only short trajectory clusters
were reanalyzed in two-stage clustering method and the long
trajectory clusterswere retainedwith the disaggregation (Borge
et al., 2007), showing several long trajectory clusters with
similar direction, shape and source locations in this study
(Fig. 4). It is strongly suggested that the two-stage clustering
method should be modified that long trajectories were also
regrouped and reanalyzed as well as the short ones. Details
of the modified two-stage method results were shown in the
Supporting information, S3 and S4.
Stage 2--cluster ‘c’
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Fig. 4. An example that shows the presence of disaggregation in the long trajectory c
source locations, were both identified in the first stage of clustering. Cluster ‘c’was th
which indicating the necessity of reanalyzing the long trajectories group in the two
SOM was also utilized in the trajectories obtained from both
cities. The same cluster number ascertained in the two-stage
methodwas set as the neuron number in the SOM structure. For
the city of Chaohu, twelve clusters were identified in the
two-stage process. Therefore, the SOM structures with 1×12,
2×6 and 3×4 neurons were used and the 1×12 structure with
the highest R2 value was determined to be the best result. The
details of the clustering results were presented in the Supporting
information, S6 and S7. As an unsupervised learning clustering
method (Karaca and Camci, 2010), SOM has already demon-
strated the advantage of its simplicity in trajectory clustering.

In addition, the one-stage k-means clustering method
based on Mahalanobis metrics was also applied in both cities.
R2 values for the results in Chaohu using the modified two-
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,
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stage clustering method and the one-stage clustering method
based onMahalanobis metrics and SOMmethods were 0.8193,
0.8398 and 0.8164, respectively. For Hefei, these values were
0.8214, 0.8418 and 0.8166, respectively. It demonstrates that
Fig. 5. Backward trajectories in the twelve clusters for Chaohu from 2006 to 2010 de
the one-stage clusteringmethod based onMahalanobismetrics
provided the highest R2 values, indicating the lowest variances
within the clusters. Therefore, the results of this clustering
method were chosen for further investigation.
termined by the one-stage clustering method based on Mahalanobis metrics.
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All twelve clusters of the trajectories arriving in Chaohu
during the study period were presented individually in Fig. 5.
Clusters 2, 10, 11 and 12 were composed of slow-moving,
relatively ‘short’ trajectories originating from a wide range of
directions (Clusters 2 and 12 from the east, Cluster 10 with-
out a predominant direction, Cluster 11 from the southwest).
Therefore, Cluster 10 was referred to as the ‘local’ air masses.
These four clusters exhibited few altitude variations (Fig. 6).
Clusters 2 and 12 showed less appearance in winter, respec-
tively, while they were evenly distributed in other three
seasons (Fig. 7). There were no apparent seasonal patterns in
Cluster10. Higher frequency of presence could be observed for
Cluster 11 in the summer than other seasons, which was
validated by higher frequency of the maximum wind speed
direction from the section 7–11 (Fig. A1; see the Supporting
information, S2).

In Clusters 4 and 7, most of the trajectories corresponded
to a relatively faster advection originating from the northeast
and associated with air masses that occur more frequently in
the autumn and winter (Fig. 7), which might be the results of
both the northwesterly weather system throughout the year
(Zhu et al., 2011) and the summer monsoon (Wang, 2005). It
was validated by the distribution of daily maximum wind
speed direction shown in Fig. A1, where higher frequency in
section 3 or 4 was observed in the autumn and winter. The
altitude variation was not negligible, with a mean trajectory
higher than 1000 m, indicating a transport pattern over the
boundary level.

The airflows included in Clusters 3, 5 and 6 had mainly
traveled from the north, i.e., the Mongolian or Siberia regions,
probably relating to the anticyclone circulation of polar high
pressure in Mongolian and Siberia (Li et al., 2012). It was
almost absent in the summer but evenly occurred in the other
seasons (Fig. 7), which corresponded to the lower frequency of
maximumwind speed direction from the north in the summer
(Fig. A1).

Clusters 8 and 9 represented trajectories originating mainly
from the east and south, respectively. The trajectories in Cluster
8 started from southern China and regions in South Asia, while
the trajectories in Cluster 9 traveled over the Pacific Ocean.
These two clusters occurred more frequently in the summer
(Fig. 7), corresponding to the higher frequency of maximum
wind speed direction fromeast to south in the summer (Fig. A1).
The ground surface flow field in the summer has a feature of

image of Fig.�6
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summer circulation: the south-easterly wind replaces the
northwesterly wind (Jiang, 1991).

Cluster 1 represented the typical northwestern pathway of
airflows in Chaohu (Fig. 5). The trajectories in this cluster may
have been associated with the Mongolian high and Mongolian
cyclones (Li et al., 2012; Zhu et al., 2011), resulting in a relatively
higher frequency of occurrence in the winter (Fig. 7), when the
flows on the surface were controlled by a northwesterly wind
from Siberia and Mongolia (Jiang, 1991). It was observed that
the frequency of maximumwind speed direction in sections 14
to 16was significantly higher in the late autumn andwinter and
was getting lower in other season (Fig. A1). In addition, Cluster 1
contained long-range airflows that were transported over
continents, mostly originating from very high altitudes of
3000 m (Fig. 6).

When the one-stage clustering method based on
Mahalanobis metrics was applied to the trajectories of Hefei,
a similar result was obtained (see the Supporting information,
S5). However, the cluster 7 (Fig. A12) for Hefei consisted of
short trajectories originates more from northwest when
compared to the corresponding local Cluster 10 for Chaohu
(Fig. 5). This differencemight attribute to the differentweather
systems in both cities that Hefei might be affected more by the
air flows from the northwest. Itwill be validated by the analysis
in Sections 3.2 and 3.3.

Among the three trajectory clustering methods applied
in this study, the one-stage clustering method based on
Mahalanobis metrics gives the best performance. This may
attributed to the algorithm of Mahalanobis metrics, which
standardized the distance between vectors (Mahalanobis,
1936). The problem of long and short trajectory (Borge
et al., 2007), which was also met by SOM, was solved in this
way. Thus, the two-stage method was no longer necessary and
the subjective procedure in choosing the ‘long’ or ‘short’
trajectory groups was also avoided.
Cluster

Fig. 8. PM10 concentrations in the twelve clusters determined by the one-stage
clustering method based on Mahalanobis metrics for Chaohu. The solid line in
each box denotes the geometric mean. The horizontal lines between each box
are the median data. The lower and upper hinges represent the 25 and 75
percentiles, respectively. The lower and upper lines represent the 2.5 and 97.5
percentiles, respectively.
3.2. Transport pathway of PM10

3.2.1. The city of Chaohu
According to the discussion in Section 3.1, the clustering

results obtained by the one-stage clustering method based on
Mahalanobis metrics for the Chaohu were used in further
investigations of PM10 pollution. Kruskal–Wallis test was
conducted among clusters and the results showed a statisti-
cally significant difference in PM10 concentrations (pb0.05).
By comparing the geo-means of the PM10 concentrations of
each cluster (Fig. 8; Table 1), two major groups of clusters
with common characteristics can be identified: A) Clusters
3–9 and 12, which corresponded to PM10 concentrations
ranging from 0.057 mg/m3 to 0.069 mg/m3 and referred to
as a relatively ‘clean’ group. B) Clusters 1, 2, 10 and 11,
which corresponded to PM10 concentrations ranging from
0.073 mg/m3 to 0.077 mg/m3, are referred to as the ‘polluted’
group.

In Group A, Clusters 3, 5 and 6 were typical clean northern
pathways and were also identified by Zhu et al. (2011) in
Beijing. In addition, although the trajectories in these two
clusters passed through the North China Plain with heavy
anthropogenic PM10 emissions (Fig. 1), their trajectories'
altitudes were relatively high (Fig. 6). Therefore, they may
not be influenced by emissions from the ground surface.
Clusters 8, 9 and 12 were composed of air trajectories from the
area over the sea, where little PM10 was emitted. Therefore,
these three clusters were also associated with relatively low
PM10 concentrations. Clusters 4 and 7 were a typical north-
western pathway, which might be associated with long-range
transportation. However, its relatively low PM10 concentration
indicated the less importance of this source for Chaohu.

Group B was considered to be the ‘polluted’ group.
Among the clusters in that group, the trajectories of Cluster
10 corresponded to the highest PM10 concentrations with
0.077 mg/m3. It has been demonstrated that Cluster 10 was
consisted of ‘short’ trajectories without predominant directions.
These trajectories moved slowly, which facilitated the accumu-
lation of pollutants. Emissions from local areas and the
surrounding regions–such as Jiangsu, Zhejiang, east of Hubei
and southeast of Henan–may contribute to the high PM10 level
of this cluster. Based on Cluster 2, the eastern pathway was
another important PM10 source for Chaohu. Part of these air
masses originated in the Yangtze River Delta (YRD), the most



Table 1
Basic statistics of PM10 concentrations (mg/m3) in each cluster for Chaohu.

Percentage (%) Minimum Maximum Geo-mean Std. deviation Skewness Std. error Kurtosis Std. error

Cluster 1 2.94 0.025 0.150 0.074 0.02737 0.185 0.166 0.513 0.330
Cluster 2 11.32 0.025 0.256 0.077 0.03689 0.719 0.085 1.383 0.170
Cluster 3 7.61 0.025 0.228 0.057 0.03002 0.766 0.104 1.905 0.207
Cluster 4 7.02 0.025 0.210 0.069 0.03186 1.040 0.108 2.399 0.215
Cluster 5 3.85 0.025 0.270 0.062 0.03452 2.102 0.145 9.716 0.290
Cluster 6 10.32 0.025 0.204 0.062 0.02915 0.377 0.089 0.490 0.178
Cluster 7 5.28 0.025 0.270 0.067 0.03109 1.029 0.124 4.803 0.248
Cluster 8 7.93 0.025 0.200 0.059 0.03205 0.828 0.102 1.451 0.203
Cluster 9 2.93 0.025 0.152 0.067 0.02707 0.157 0.166 0.331 0.331
Cluster 10 12.92 0.025 0.238 0.077 0.03454 0.870 0.080 1.561 0.159
Cluster 11 14.14 0.025 0.270 0.073 0.02922 1.171 0.076 6.660 0.152
Cluster 12 13.72 0.025 0.240 0.068 0.03047 0.606 0.077 1.686 0.154
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developed area in China, where one of the heaviest anthropo-
genic PM10 emission regions was located (Fig. 1). The trajec-
tories in Clusters 2 and 10 exhibited higher PM10 concentrations
in the autumn, especially in October (Fig. 9), which might
contribute to the relatively high PM10 levels in the autumn
(Fig. 2). This transportation potential has been validated by the
study ofWang et al. (2008). Similarly to Cluster 7, the airflows in
Cluster 1 had mainly traveled from the northwest (Fig. 5) in
winter-time (Fig. 7) with an average PM10 concentration of
0.074 mg/m3, whichmight correspond to the long-range trans-
portation of the air particulates (Shi et al., 2008). The regions
with heavy anthropogenic PM10 emissions–such as Shanxi and
Henan Provinces, the south of Mongolia, and the west of Inner
Mongolia (Zhu et al., 2011)–might contribute to the PM10

pollution in this cluster, which will be validated in Section 3.3.
Cluster 11 had relatively slow-moving trajectories from the
southern region and a high PM10 level of 0.073 mg/m3, espe-
cially in the autumn (Fig. 9). Its sources could be the heavy
PM10 emissions in the Pearl River Delta (PRD) region in
Guangdong, which can be confirmed from Fig. A24 in the
Supporting information, S8 (some of the Chaohu trajectories
with the highest 1% of PM10 concentrations originated in the PRD
region).
3.2.2. The city of Hefei
The clustering results of the one-stage clustering method

based on Mahalanobis metrics for the trajectories in Hefei
were used in the PM10 pollution study (see Supporting
information, S5). A statistically significant difference in PM10

concentrations among clusters was also observed. There was
a clear distinction between the ‘clean’ group A and the
relatively ‘polluted’ group B (Table 2), as follows: A) Clusters
1, 2, 4, 5, 8 and 11, corresponding to PM10 concentrations
ranging from 0.061 mg/m3 to 0.090 mg/m3. B) Clusters 3, 6,
7, 9, 10 and 12, corresponding to PM10 concentrations ranging
from 0.102 mg/m3 to 0.126 mg/m3. It can be observed that the
PM10 concentration in Hefei was significantly higher than that
in Chaohu.

In Group A, Clusters 1, 8 and 11 had similar patterns. They
were formed by trajectories from the northern latitudes with
clean pathways. Clusters 2, 4 and 5 consisted of trajectories
from the region above the sea. Therefore, they were relatively
less polluted by air particulates.
The highest PM10 concentration was in Cluster 10,
indicating that the long-range transportation input from the
northwest was one of the most important sources of PM10 in
the city of Hefei. Cluster 10 contained trajectories with an
average PM10 concentration of 0.126 mg/m3. Their source
regions might be Shanxi and Henan Provinces, the south of
Mongolia, and western Inner Mongolia (Zhu et al., 2011). Zhu
et al. (2011) noted that Shanxi had a serious problemwith air
pollution, which was considered to be one of the most
important source regions of the PM10 in Hefei. The
second-highest PM10 concentration in group B was found in
Cluster 7 with an average PM10 concentration of 0.121 mg/m3.
This cluster was composed of slow-moving trajectories
without apparent seasonal patterns and directions (Fig. A12),
suggesting its local and surrounding source regions. It was
notable that the PM10 concentration in this cluster was much
higher than the corresponding ‘slow-moving’ clusters in
Chaohu, indicating the presence of heavier local emissions in
Hefei. Clusters 9 and 12 were also northwestern pathways but
moving slower than the trajectories in Cluster 10. High PM10

concentration (0.116 and 0.115 mg/m3) could be observed in
both clusters. Compared to the results obtained for Chaohu in
Section 3.2.1, long-range transportation from thenorthwestern
regions (Clusters 10, 11 and 12) was a much more significant
source of PM10 in Hefei. It could be validated in Fig. A24 that
Hefeiwas sufferingmore from the long-range transportation of
PM10 than Chaohu. The corresponding source regions for
Clusters 3 and 6 were YRD, PRD, Hubei and Hunan Province,
which were all identified in Section 3.2.1 for Chaohu but with
relatively less importance for Hefei.
3.2.3. Comparison of PM10 transport pathways in Chaohu and
Hefei

According to the results described above, the cities of
Chaohu and Hefei shared similar PM10 transport pathways,
while the significance of these pathways differed between
them. Emissions from the local and surrounding regions
were one of the most important sources for both cities.
However, the local emissions in Hefei were apparently
higher than in Chaohu. Furthermore, compared to the city
of Hefei, Chaohu experienced greater effects of the emis-
sions from the eastern region, i.e., the YRD, but the
precipitation on this pathway was heavy. The annual average
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precipitation in YRD was more than 1000 mm (Jiang, 1991),
whichmight reduce the concentrations of the PM10 transported
to Chaohu. On the other hand, long-range transportation from
Fig. 9. Box plots of the PM10 concentrations in each cluster determined by the one
Chaohu.
the northwestern regions–including Shanxi and Henan Prov-
inces, with low levels of precipitation (less than 600 mm per
year (Gu, 1991))–had a stronger influence on the PM10 level
-stage clustering method based on Mahalanobis metrics in each month for



Fig. 9 (continued).
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of Hefei than in Chaohu. These factors may lead to the
different levels of PM10 pollution between the two cities.

3.3. Potential sources of PM10

Clustering analysis can provide the possible directions of
the PM10 sources, but the exact locations of the potential
source regions remain unclear. In the following section, the
PSCF and RTWC results of PM10 for both cities were presented
and compared to identify the source locations of the two
cities' PM10 sources.

The PSCF results for both cities were depicted in Fig. 10. The
YRD,which is considered a heavy anthropogenic PM10 emissions
area (Fig. 1), was found to be the potential source region for
Chaohu. This was consistent with the results presented in
Section 3.2.1, in which the eastern pathway was identified as
Table 2
Basic statistics of PM10 concentrations (mg/m3) in each cluster for Hefei.

Percentage (%) Minimum Maximum Geo-mean

Cluster 1 4.15 0.025 0.948 0.090
Cluster 2 2.67 0.025 0.174 0.074
Cluster 3 12.46 0.025 0.948 0.102
Cluster 4 12.54 0.025 0.300 0.084
Cluster 5 6.48 0.025 0.234 0.061
Cluster 6 15.07 0.025 0.438 0.117
Cluster 7 11.61 0.025 0.438 0.121
Cluster 8 13.80 0.025 0.858 0.082
Cluster 9 6.87 0.025 0.438 0.116
Cluster 10 2.30 0.025 0.346 0.126
Cluster 11 7.64 0.025 0.762 0.073
Cluster 12 4.41 0.025 0.950 0.115
the cluster with the highest PM10 concentration. The northern
and northwestern areas, including the heavy PM10 emission
regions of Shandong andHenan Provinces,were also determined
to be relatively important source regions. The identification of
the source region in Shandong Province conflictedwith results in
Section 3.2.1, in which the northern pathway was relatively
clean. This may be due to the shortcomings of the PSCF method,
such as the ‘trailing effect’ caused by the weights being evenly
distributed along the trajectories' paths, which frequently leads
to the identification of potential source directions rather than
locations (Hsu et al., 2003) or even incorrect source regions (Lai
et al., 2007). This effect can be reduced with the inclusion of a
sufficient number of samples (Han et al., 2007), but it cannot be
eliminated completely. In addition, the PRD region, which is the
source identified in Section 3.2.1, was not identified by the PSCF
method. Because the PRD region was located close to the border
Std. deviation Skewness Std. error Kurtosis Std. error

0.1006 4.762 0.140 31.261 0.279
0.0334 0.200 0.174 −0.239 0.346
0.0620 3.451 0.081 37.207 0.162
0.0510 0.673 0.081 1.130 0.161
0.0389 0.670 0.112 0.147 0.224
0.0594 0.828 0.074 1.882 0.147
0.0553 0.711 0.084 1.459 0.168
0.0731 4.679 0.077 42.945 0.154
0.0593 1.087 0.109 3.104 0.218
0.0666 0.815 0.187 0.980 0.373
0.0653 3.122 0.103 22.884 0.206
0.0845 5.710 0.136 52.795 0.271



Fig. 10. Potential source regions of Chaohu and Hefei using the PSCF model. Fig. 11. Potential source regions of Chaohu and Hefei using the RTWCmodel.
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of the computation domain, fewer trajectories have crossed this
region, resulting in fewer endpoints and lower PSCF values
(Stohl, 1996). For the city of Hefei, three apparent source regions
can be observed: the southeast (Jiangsu, Zhejiang and Jiangxi
Provinces), the northwest (Henan and Hubei Provinces) and the
north (Shandong and Hebei Provinces). Compared to the city of
Chaohu, the northwestern source region was a more significant
source of PM10, which concurs with the results in Section 3.2.2.
However, the northern region was not expected to be a primary
source. This might be due to the same factors described for
Chaohu.

Fig. 11 presented the RTWC results for two cities. Note that
the RTWCvalues donot represent the areas' actual contributions.
Instead, they demonstrate the relative importance of the source
regions (Hsu et al., 2003). For Chaohu, the northern source
region disappeared, exhibiting the RTWC's ability to eliminate
the ‘trailing effect’ (Hsu et al., 2003). Themost important sources
were identified in the northwestern region (Henan and Shanxi
Provinces), with a relatively insignificant source in the south-
eastern area. This finding was inconsistent with the results
presented in Section 3.2.1 and the PSCF results, which indicated
that the eastern pathway originating from the YRD was an
equally important source region. For Hefei, a clear source region
in the northwestern direction, including Shanxi and Henan
Provinces, was found to be the only important source region
(Fig. 11). This can be confirmed by the results presented in
Section 3.2.2, in which the highest PM10 concentration
corresponded to the long-range transportation of the north-
western pathway. However, the heavy-emission area in the east
was not considered as the PM10 source region, which was
inconsistent with the results described in Section 3.2.2 and the
PSCF for Hefei. This finding also contradicted the previous study
of Hefei conducted by Shi et al. (2008). The underestimation of
the contribution of PM10 emissions from the YRD area in the
RTWC results for both Chaohu and Hefei might be due to the
redistribution of the concentrations along the trajectories. RTWC
was able to distinguish the source areas contributing to the very
high concentrations at the receptor site from smaller source
areas, which was not possible using PSCF (Han et al., 2007).
Although the trajectories originating from the eastern region
corresponded to high PM10 emissions, as described in
Section 3.2, the northwestern region might contribute more
significantly to the extremely high PM10 levels in Chaohu and
Hefei. In addition, the low RTWC values in YRD might be
associated with its average level of precipitation (Stohl, 1996),
which was higher than in the northwestern region. These may
also explain neglected potential source in the southern region
with even higher precipitation, as identified in Section 3.2.1 for
Chaohu.

In general, PSCF and RTWC can both identify the relatively
important PM10 source regions for both cities, but each
method had its shortcomings. To integrate the advantages of
both models, their results were combined in one map by
averaging the normalized values (divided by the maximum
value) of both the PSCF and RTWC models in each grid (Han
et al., 2007). The final results were presented in Fig. 12. The
combined PSCF and RTWCmaps for both cities provides PM10

source locations that were more consistent with the results
presented in Section 3.2. It can be seen that both the
northwestern region (Henan and Shanxi Provinces) and the
eastern area (YRD) were important source regions for both
Chaohu and Hefei, but compared to Chaohu, the eastern area

image of Fig.�10
image of Fig.�11


Fig. 12. Potential source regions of Chaohu and Hefei identified by the
combined PSCF and RTWC results.
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was less significant, while the northwestern area was larger
for Hefei.

3.4. Comparison with emission inventory

Han et al. (2007) and Lai et al. (2007) suggested that the
PSCF modeling results were more comparable to the emission
inventory than those of RTWC. In this study, however, both of
the models exhibited a consistent advantage. According to the
Spearman rank-order correlation coefficient (Stohl, 1996) with
an anthropogenic PM10 emission inventory (Table 3), RTWC has
a higher value than PSCF for Chaohu (0.661 and 0.643,
Table 3
Spearman rank-order correlation coefficients between the emission inventory of
(correlations were all significant at the 0.01 level).

Results PM10_inda PM10_powb

PSCF_CHf 0.653 0.588
RTWC_CHg 0.666 0.643
PSCF&RTWC_CHh 0.683 0.641
PSCF_HF 0.624 0.565
RTWC_HF 0.613 0.596
PSCF&RTWC_HF 0.644 0.606

a Industry.
b Electricity generation.
c Residential.
d Transportation.
e Sum of the four sources.
f Potential source contribution function (PSCF) result for Chaohu.
g Residence time weighted concentrations (RTWC) result for Chaohu.
h Combined PSCF and RTWC results for Chaohu.
respectively), but a lower value was obtained for Hefei (0.606
and 0.610, respectively). However, the combination of PSCF and
RTWC presented higher Spearman rank-order correlation co-
efficients than PSCF or RTWC alone in two cities (Table 3),
indicating the superior ability of the combined method for
identifying the source regions. In addition, the PSCF and RTWC
results always demonstrated a higher correlation with PM10

emissions from traffic (PM10_tra) than the other three sources,
indicating the relatively higher contribution of traffic emissions
to the PM10 pollution in Lake Chaohu.

4. Conclusion

In this study, the transport pathways and potential
sources of PM10 for two cities (Chaohu and Hefei) located
around Lake Chaohu were evaluated and compared. Trajectory
cluster analysis, including the two-stage cluster method based
on Euclidean metrics and the one-stage clustering method
based onMahalanobismetrics and self-organizingmaps (SOM)
was applied. The two-stage cluster method was modified to
further investigate the long trajectories in the second stage in
order to eliminate the observed disaggregation among them.
Twelve trajectory clusters were identified for both cities. The
one-stage clustering method based on Mahalanobis metrics
gives the best performance regarding the variances within
clusters. PM10 emissions from the local region provided one of
the most important sources of both cities. The local emission
levels in Hefei were apparently higher than those of Chaohu.
Moreover, Chaohu suffered fromagreater effect of the emissions
from the YRD than Hefei. However, the heavy precipitation on
this pathway might reduce the PM10 concentration transported
to Chaohu. On the other hand, the long-range transport from
the northwestern regions with less precipitation had a higher
influence on the PM10 level in Hefei than in Chaohu.

PSCF and RTWC can both identify the important PM10

source locations of both cities, but the PSCF method exhibited
a ‘trailing effect’ that frequently identified potential source
directions rather than locations or even resulted in the incorrect
source regions. The RTWC was able to eliminate this ‘trailing
effect’ and determine the source areas with higher contribu-
tions. However, the RTWC was easily influenced by the natural
processes affecting PM10 concentrations, such as precipitation.
The combined PSCF and RTWC maps for both cities provide
anthropogenic PM10 and the receptor modeling results for the two cities

PM10_resc PM10_trad PM10_alle

0.603 0.684 0.643
0.615 0.693 0.661
0.631 0.716 0.677
0.572 0.632 0.610
0.565 0.624 0.606
0.590 0.654 0.634

image of Fig.�12
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PM10 source locations that were more consistent with the
results described in Section 3.2, and they have demonstrated a
higher Spearman rank-order correlation coefficient with the
total anthropogenic PM10 emission inventory in China than
either the PSCF or RTWC alone for these two cities. This result
indicates the combined method's superior ability in identifying
the source regions. The northwestern (Henan and Shanxi
Province) and eastern (YRD) regions were important sources
for both Chaohu and Hefei, but the northwestern area was
more important for Hefei than for Chaohu, while the YRD
region was less important. Moreover, it was speculated that
Lake Chaohu suffered from relatively higher contributions to
PM10 pollution from traffic emissions than from industry, the
generation of electricity or residential sources.
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