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a b s t r a c t

The purpose of the study is to identify long-range transport patterns that may have an important
influence on PM10 levels in three European cities at different latitudes, namely Thessaloniki, Szeged and
Helsinki. A further aim is to separate medium- and long-range PM10 transport for these cities. 4-day,
6-hourly three-dimensional (3D) backward trajectories arriving at these locations at 1200 GMT were
computed using the HYSPLIT model over a 5-year period from 2001 to 2005. A k-means clustering
algorithm using the Mahalanobis metric was applied in order to develop trajectory types. The 3D
delimination of the clusters by the function “convhull” is a novel approach. Two statistical indices were
used to evaluate and compare critical daily PM10 exceedances corresponding to the trajectory clusters.
For Thessaloniki, the major PM10 transport can be clearly associated with air masses arriving from
Central and Southern Europe. Occasional North African dust intrusions over Greece are also found. The
transport of particulate matter from North-western Europe to Thessaloniki is of limited importance. For
Szeged, Central Europe, Southern Europe and Mid-eastern Europe are the most important sources of
PM10. The occasional appearance of North African-origin dust over Hungary is also detected. Local PM10
levels tend to be diluted when air masses arrive at the Carpathian Basin from North-western Europe, the
Mid-Atlantic e Western Europe and Northern Europe. For Helsinki, high PM10 concentrations are due to
air masses coming from Northern and Eastern Europe including North-western Russia. An occasional
Caspian Sea desert influence on particulate levels can also be identified. However, air currents coming
from the Northern Atlantics, Northern and North-western Europe tend to dilute PM10 levels. A simple
approach is developed in order to separate medium- and long-range PM10 transport for each city.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

PM10 is a measure of particles in the atmosphere with a diam-
eter of less than or equal to a nominal 10 mm. The 24-h limit value
for PM10 (50 mg m�3) is frequently exceeded in the urban envi-
ronment. The short- and long-term human exposure to high
particulate matter concentrations observed in large cities increases
the risk of respiratory (Annesi-Maesano et al., 2007) and also
cardiovascular (Analitis et al., 2006) diseases. Therefore, studying
potential key regions and long-range transport effects on urban
PM10 levels is of great importance.
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Several authors have published backward trajectory modeling
results to help detect the long-range transport of pollutant air
masses that may have an impact on local PM10 levels (Salvador
et al., 2008), to better describe the related tropospheric circula-
tions (Jorba et al., 2004) or to characterize and identify spatial and
temporal trends of pollutants (Coury and Dillner, 2007). However,
single backward trajectories generally applied to detect key regions
of extreme PM episodes for given sites (Hongisto and Sofiev, 2004)
are not suitable for an overall identification of paths and origins of
air parcels that play a role in the contribution to PM10 levels.

Large numbers of trajectories arriving at a given site can be
analyzed in order to determine the origin of polluted air masses.
Several authors performed cluster analyses in order to place
trajectories into a relatively small number of groups (Dorling et al.,
1992; Dorling and Davies, 1995). Such procedures have been
frequently used to interpret the origin and the transport of atmo-
spheric pollution (Vardoulakis and Kassomenos, 2008). However,

mailto:makra@geo.u-szeged.hu
mailto:MATYA@ludens.elte.hu
mailto:h480623@stud.u-szeged.hu
mailto:kkara@eng.auth.gr
mailto:kkara@eng.auth.gr
mailto:kkara@eng.auth.gr
mailto:Pia.Anttila@fmi.fi
www.sciencedirect.com/science/journal/13522310
www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2011.02.068
http://dx.doi.org/10.1016/j.atmosenv.2011.02.068
http://dx.doi.org/10.1016/j.atmosenv.2011.02.068


Fig. 1. The geographical positions of Thessaloniki, Szeged and Helsinki.

Table 1
Parameters of basic meteorological data and mean 24-h PM10 concentrations.

City Parameter Jan Jul Year

Thessaloniki Mean temperature (�C) 4.6 26.4 15.8
Precipitation total (mm) 44 20 449
Mean 24-h PM10 concentration (mg m�3) 65.3 51.5 58.9

Szeged Mean temperature (�C) �1.2 22.4 11.2
Precipitation total (mm) 32 51 573
Mean 24-h PM10 concentration (mg m�3) 53.2 38.1 47.0

Helsinki Mean temperature (�C) �6.1 17.2 4.9
Precipitation total (mm) 57 68 640
Mean 24-h PM10 concentration (mg m�3) 14.0 15.5 15.7
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cluster analysis alone does not tell us anything about the cause-
eeffect relationships as no pre-determined characteristics are used
to define the membership for a cluster, although items in the same
cluster are likely to have many features in common.

The question may arise whether deposition of coarse particles is
meaningful or they play an important role in long-range transport.
For Thessaloniki, north-easterly winds can add to the background-
urban PM10 level to 10 mg m�3 on a monthly basis. Furthermore,
south-westerly winds, originating from North Africa, may
contribute to a monthly basis up to 20e30 mg m�3 to the already
existing aerosol load of the city during transition seasons
(Katragkou et al., 2009). In Crete, for the low dust period ions
dominate the PM10mass (40e60%), followed by dust (25e35%) and
particulate carbonaceous matter (PCM) (20e25%). However, during
the identified dust outbreaks the contribution of dust rises to
60e65%, the share of ions declines to 30% and only 10% is PCM
(Gerasopoulos et al., 2006).

During a ten-year period (1991e2000) about 50 episodic
appearance of Saharan dust in the Hungarian aerosol was assigned
and investigated using PIXE analysis (Borbély-Kiss et al., 2004).
Local episodes of Saharan origin were selected in the time series of
concentration ratios Ti/Ca, Si/Al, Al/Ca, Ti/Fe, Si/Fe, Ca/Fe generally
accepted as regional signatures of Saharan dust. These long-range
transport episodes of mineral dust from North African deserts
caused elevated concentrations of coarse Ca, Mg and K at sites in
Central Europe (Borbély-Kiss et al., 2004; Salvador et al., 2010).

For Helsinki, PM10 pollution episodes clearly of local originwere
characterized by a low average fraction of PM2.5 (<0.2) in PM10 at
the urban traffic monitoring site, low ratio between PM10
concentrations at the regional background site and at the urban
traffic site (<0.2), low average ion sums (1.5e2.5 mg m�3) and low
accumulation to Aitken mode ratios (0.13e0.26). Furthermore, the
episodes of distinct long-range transport characteristics have a high
fraction of fine particles in PM10 (0.5e0.6) at the urban traffic site,
a high ratio between PM10 concentrations at the regional back-
ground site and at the urban traffic site (0.7e0.8), high values for
the ion sum (6.6e11.9 mg m�3) and high accumulation to Aitken
mode ratios (0.75e0.85) (Aarnio et al., 2008).

The course fraction is considered important not only at these
three regions but elsewhere in Europe or even in Hong Kong. In
Brussels a dust storm, that occurred 2 days earlier in the Sahara,
showed a significant peak in PM10 indicating a clear difference
between PM10 and PM2.5 mass concentrations (Vanderstraeten
et al., 2008). Most of the mass concentration during this period
was due to the presence of the coarse fraction (PM2.5ePM10).
Chemical analysis showed a significant similarity to Saharan dust
composition (Vanderstraeten et al., 2008). In Hong Kong the coarse
size fractions of PM10 concentrations were about 4e8 times higher
during dust events (Lee et al., 2010). The concentration ratio of
coarse to fine aerosol for the periods before, during and after the
dust event here is 1.17, 1.96, and 1.39. About 79% of the mass
concentration of PM10 dust is due to the presence of the coarse
fraction. Therefore, the size distribution evolution clearly indicates
that the coarse mode aerosol is enhanced during the dust period,
despite likely scavenging of coarse particles by frontal rain.

As a result, during PM10 pollution episodes the amount of
coarse particles increases (Borbély-Kiss et al., 2004; Gerasopoulos
et al., 2006; Vanderstraeten et al., 2008; Lee et al., 2010; Salvador
et al., 2010), their ratio also increases in Southern Europe
(Gerasopoulos et al., 2006), in the temperate regions of Europe
(Borbély-Kiss et al., 2004; Vanderstraeten et al., 2008) or in Hong
Kong (Lee et al., 2010). However, in Northern Europe the ratio of
coarse particles (PM2.5ePM10) increases smaller than that of fine
particles (Aarnio et al., 2008). The size distribution of the particles
in the target area generally depends on the physical characteristics
of the source regions, and on how the dust is picked up. It is
probably modified in the initial stages of transport, but after
injection into the upper atmosphere, it is not much. In this way,
coarse particles can play a substantial role in long-range transport
of PM10, hence there is sense to talk about PM10 instead of just
PM2.5.

The main objective of this paper is to identify the key
geographical regions responsible for PM10 levels in three cities
(Thessaloniki, southern Europe; Szeged, Central Europe; and Hel-
sinki, northern Europe, Fig. 1). Backward trajectories arriving at
these sites are clustered using the Mahalanobis metric in order to
determine which regions imply high PM10 concentrations. The
clustering is performed using three-dimensional (3D) backward
trajectories. ANOVA is used to determine whether PM10 concen-
trations corresponding to these trajectory clusters differ signifi-
cantly. Cluster-dependent occurrences, when 24-h mean PM10
concentrations exceed the limit value of 50 mg m�3 are also
analyzed with two statistical indices. Lastly, a simple approach is
developed in order to separate medium-range PM10 transport
including local PM10 emissions from the long-range transport of
PM10.

2. Data and methods

2.1. Study areas and monitoring data

Five years (2001e2005) of dailymean PM10 data as well as daily
meteorological data (mean temperature, mean global solar flux,
mean relative humidity and daily precipitation total) taken from
three European cities e Thessaloniki (Greece), Szeged (Hungary)
andHelsinki (Finland) (Fig.1; Table 1)ewere analyzed. The reasons
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for selecting these sites include their fairly big distance and their
substantial difference in topography and climate.

Thessaloniki (40.64 N; 22.94 E) is the second largest city of
Greece where emissions originate mainly from the local traffic.
Szeged (46.25 N; 20.10 E), the largest settlement in SE Hungary, is
located at the confluence of the Rivers Tisza and Maros. Helsinki
(60.25 N; 25.05 E), the capital of Finland, forms the core of the
Helsinki Metropolitan Area.

2.2. Backward trajectories

In the frame of an ETEX (European Tracer Experiment) research,
efficacy of three large-scale Lagrangian dispersion models (CAL-
PUFF 5.8, FLEXPART 6.2 and HYSPLIT 4.8) was compared. As the
HYSPLIT model has the best performance according to four statis-
tical scores (Anderson, 2008), we decided to use the HYSPLIT model
(Draxler and Hess, 1998).

Backward trajectories for Thessaloniki, Szeged and Helsinki
corresponding to the Hybrid Single-Particle Lagrangian Integral
Trajectory (HYSPLIT, version 4.8; http://www.arl.noaa.gov/ready/
hysplit4.html) model (Draxler and Hess, 1998) were obtained
from National Centres for Environmental Prediction/National
Centre for Atmospheric Research (NCEP/NCAR; http://dss.ucar.edu/
datasets/ds090.0/).

Since a single backward trajectory has a large uncertainty and is
of limited significance (Stohl, 1998), a three-dimensional (3D)
representation of the synoptic air currents in the given regions was
made via the reconstruction and analysis of a large number of
atmospheric trajectories. 4-day, 6-h 3D backward trajectories
arriving at the three locations at 1200 GreenwichMean Time (GMT)
at heights h ¼ 500, 1500 and 3000 m above mean sea level (AMSL)
for each day over a 5-year period from 2001 to 2005 were taken in
order to describe the horizontal and vertical movements of an air
parcel for the above-mentioned three cities. Hence, trajectories
arriving at these three sites were extended backwards in time for
4 days with 6-h temporal resolutions. The actual heights of
trajectories may act as an indicator of the atmosphereesurface
interactions. For instance, an air mass moving over a source area at
low vertical levels might be more affected by PM10 loadings of this
region than another air mass traveling at much higher levels over
this same area.

2.3. Cluster analysis

Cluster analysis groups trajectories with similar paths. The aim
of any clustering technique is to maximize the homogeneity of
elements (in our case, backward trajectories) within the clusters
and also to maximize the heterogeneity among the clusters. Here
a non-hierarchical cluster analysis with the k-means method
(Anderberg, 1973) was applied using the Mahalanobis metric
(Mahalanobis, 1936) available in MATLAB 7.5.0. Input data as clus-
tering variables include the 6-hourly co-ordinate values (f e lati-
tude, l e longitude and h e height AMSL) of the 4-day 3D
backtrajectories for each city and the three given heights.

The homogeneity within clusters was measured by RMSD
defined as the sum of the root mean square deviations of cluster
elements from the corresponding cluster centre over clusters. As
the RMSD will usually decrease with an increasing number of
clusters, this quantity is not very useful for deciding about the
optimal number of clusters. However, the change of RMSD (CRMSD)
versus the change of cluster numbers, or rather the change of
CMRSD (CCRMSD) is much more informative. Here, working with
cluster numbers from 15 to 1, an optimal cluster number was
selected so as to maximize the change in CRMSD. The rationale
behind this approach is that the number of clusters producing the
largest improvement in cluster performance compared to that for
a smaller number of clusters is considered optimal.

The results of our cluster analysis are discussed and presented
only for the lowest (h ¼ 500 m) arrival height because back-
trajectories at this arrival height are expected to have the largest
influence on the PM10 concentration of the target site. The sepa-
ration of the backward trajectory clusters and preparation of figures
for clusters of backward trajectories were performed using a novel
approach that employs a function called “convhull”. The algorithm
(qhull procedure; www.qhull.org) gathers the extreme trajectory
positions (positions farthermost from the centre) belonging to
a cluster, which are then enclosed. Specifically, the procedure
creates the smallest convex hull with minimum volume covering
the backtrajectories of the clusters (Preparata and Hong, 1977).

Borge et al. (2007) used a two-stage clustering procedure. They
observed that the original one-stage cluster analysis including all
trajectories was strongly influenced by the trajectory length. Long
trajectories representing fast-moving air masses were highly dis-
aggregated, even though they often came from the same
geographical region. Many short trajectories representing slow-
moving air masses, however, were grouped together, although they
came from very heterogeneous regions. Therefore, only the short
trajectories were reanalyzed by identifying new clusters (second-
stage). However, a second-stage analysis is not necessary if the
metric in the clustering procedure is non-Euclidean. The problem of
justifying the two steps vanishes when a Mahalanobis metric is
used. The issue of a two-stage cluster analysis (Borge et al., 2007)
arises from different standard deviations of the co-ordinates of the
trajectory points being far and near in time. In order to demonstrate
the role of different standard deviations, let us take a difference of
200 km in the position of a given trajectory point. Such a difference
some 1500 km from us seems relatively insignificant, while the
same difference is considered very large when close to the arriving
point of the trajectory.

2.4. Analysis of variance (ANOVA)

ANOVA is used to test whether the means of PM10 values under
different trajectory types (clusters) differ significantly for a given
city. If ANOVA, based on the F-test, detects significant difference
among these means another test is then applied to determine
which means differ significantly from the others. Significant
differences among mean PM10 concentrations under different
trajectory types may tell us about the origin and transport of air
masses on local PM10 levels. There are several versions available for
comparing means calculated from sub samples of a sample.
A relatively simple but effective way is to use the Tukey test. It
performs well in terms of both the accumulation of first order
errors of the test and the test power (Tukey, 1985).

ANOVA assumes in general that elements of the entire data set
represented as random variables are independent, and elements
within each group have identical probability distributions. Daily
PM10 data, however, do not meet these requirements as they have
an annual trend in both the expected value and variance. These
trends can be removed by standardization. Standardized data are
free of annual trends and thus distinguishing between average
PM10 levels corresponding to trajectory types is due to the types
themselves and it is not related to periods of the year. (Note that the
standardized PM10 values are dimensionless.) The annual trend of
the expected value is estimated by fitting sine and cosine waves
with periods of one year and half a year to PM10 data by the least
squares technique. Note that the half a year period is introduced to
describe the temporal asymmetry of the annual trend. A subtrac-
tion of the estimated trend from data results in centralized data.
The annual trend of the variance is estimated by fitting sine and
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cosine waves with periods of one year and half a year to squared
centralized data. Lastly, centralized data are divided by the root of
the estimated time-dependent variance in order to get standard-
ized data. Consecutive daily PM10 values are correlated and
produce higher variances of the means estimated under trajectory
types compared to those for uncorrelated data. The autocorrelation
structure is modeled via first order autoregressive (AR) processes
conditioned on clusters. The classical Tukey test (Tukey, 1985) is
then modified according to the variances of estimated means
obtained with the help of the AR models. Note that the omission of
this step could systematically overestimate the number of signifi-
cantly different means.

2.5. Factor analysis and special transformation

Factor analysis (FA) identifies linear relationships among subsets
of examined variables, which helps to reduce the dimensionality of
the initial database without substantial loss of information. First,
a factor analysis was applied to the initial standardized data set
consisting of 8 or 9 variables (3 or 4 climatic and 5 trajectory
variables introduced in Section 4) in order to reduce the original set
of variables to fewer variables. These new variables called factors
can be viewed as the main climate/trajectory features that poten-
tially influence the daily mean PM10 concentration. The optimum
number of retained factors is determined by the criterion
of reaching a prespecified percentage of the total variance (Jolliffe,
1993). This percentage value was set at 80% in our case. Next,
Fig. 2. 3D clusters of the backward trajecto
a special transformation of the retained factors was performed to
discover to what degree the above-mentioned explanatory vari-
ables (3 or 4 climatic and 5 trajectory variables) affect the resultant
variable (daily mean PM10 concentration), and to give a rank of
their influence (Jahn and Vahle, 1968).

2.6. Statistical characterization of PM10 exceedance episodes

The role of long-range transport is studied by analyzing the
cluster occurrences on days when 24-h mean PM10 concentrations
exceed the limit value of 50 mg m�3. Two statistical indices of daily
PM10 exceedance episodes associated with trajectory clusters are
calculated in the same manner as in Borge et al. (2007). For a given
site and cluster i, INDEX1 is defined as

INDEX1ið%Þ ¼ Dð>50Þi$100
Di

; (1)

where Di is the number of occurrences of cluster i, and Dð>50Þi is the
number of 24-h PM10 exceedances. INDEX1 gives the likelihood of
an exceedance for a given cluster. INDEX2 is defined as

INDEX2ið%Þ ¼ Dð>50Þi$100
E

; (2)

where E is the total number of 24-h PM10 exceedance days recor-
ded at a given site. INDEX2 can be interpreted as the likelihood of
certain trajectory being present on a PM10 exceedance day.
ries retained, Thessaloniki, h ¼ 500 m.



Fig. 3. The individual clusters of the backward trajectories retained, enclosed by their convex hulls, Thessaloniki, top view, h ¼ 500 m.
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3. Results

3.1. Thessaloniki

The 3D clustering produced ten clusters based on CCRMSD. All
of the trajectories with colour-coded clusters, all of the clusters
without trajectories but with their 3D convex hulls for the top view
and all trajectory clusters enclosed by their transparent convex hull
as well as their 90� rotated version are presented in Fig. 2. A vertical
view of the trajectory clusters enclosed by their transparent 3D
convex hulls has also been added.

The individual clusters (Fig. 3), with the name of the source
regions and their standardized average PM10 concentrations are
tabulated (Table 2). Pairwise comparisons of the cluster averages
found 29 significant differences among the possible 45 cluster pairs
(64.4%). Hereafter only clusters of the above-mentioned significantly
different cluster-averaged PM10 levels were then considered and
analyzed (Fig. 3; Table 2).

Clusters 1, 4 and 10 have the highest INDEX1 values, namely
37.1%, 38.9% and 34.6%, respectively (Fig. 8). The high INDEX1 value
of these three clusters is in agreement with their high mean PM10
concentrations. Furthermore, the high standard deviation of cluster
4 implies a higher chance of extreme PM10 episodes for this cluster.
The first and third highest INDEX2 values (18.2% and 14.7%)
belonging to cluster 10 and cluster 3 are characterized by high
mean PM10 levels. Note that INDEX1 and INDEX2 are not inde-
pendent parameters. When a cluster is frequent, a high INDEX1
value means a high INDEX2 value (see cluster 10). Although cluster
6 has a high mean PM10 level, it has medium-valued indices. The
high frequency of clusters 3, 6 and 10 and their low-moving back-
ward trajectories emphasize the importance of these clusters in
PM10 transport (Fig. 3; Table 2).



Table 2
The individual clusters with the name of the source regions and their standardized average PM10 concentrations for each city, h ¼ 500 m (bold: maximum; italic: minimum)
(The standardized PM10 values are dimensionless).

Cluster no. Thessaloniki Szeged Helsinki

Name of the source region PM10
level

Name of the source region PM10
level

Name of the source region PM10 level

1 North-western Europe 0.15 Central and Southern Europe
with North Africa

0.28 Scandinavia and the Arctic
Sea region

�0.48

2 Eastern Europe �0.14 North-western Europe �0.09 Scandinavia and the Arctic
Sea region

�0.05

3 Central and Southern Europe 0.16 Mid-Atlantic e Western Europe �0.27 North-western Europe �0.36
4 Central and Southern Europe 0.41 Northern Europe �0.56 Eastern Europe 1.12
5 Mid-eastern and Southern Europe �0.09 Mid-Atlantic e Western Europe 0.35 Northern Scandinavia and

North-western Russia
�0.17

6 the Balkan Peninsula and North Africa 0.15 Central Europe �0.12 Northern Atlantics �0.01
7 North-western Europe �0.28 Northern Europe �0.07 Western Europe �0.01
8 North-western Europe �0.46 Eastern Europe 0.11 Northern Europe 0.19
9 Mid-Atlantic e Western Europe 0.03 Mid-eastern Europe 0.38 Northern Europe 0.30
10 Mid-eastern Europe 0.14 Mid-Atlantic e Western Europe 0.49 Eastern Europe 0.24
11 North-western Europe �0.47
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Based on the above analysis, clusters 3, 4, 6 and 10 play the
largest role in PM10 transport to Thessaloniki. A substantial part of
clusters 3 and 4 (Central and Southern Europe), as well as cluster
10 (Mid-eastern Europe) and the whole of cluster 6 (the Balkan
Peninsula and North Africa) cover arid regions with a negative
water balance. These environments are favorable for turbulent air
currents to take up and transport particles, and they in this way
Fig. 4. 3D clusters of the backward trajec
contribute to the measured PM10 exceedances. The role of the
above four clusters in PM10 transport is confirmed by their high
mean PM10 levels (Table 2), high frequency (except for clusters
4 and 6) (Fig. 3), high percentage of low-moving backtrajectories
(except for cluster 4) (Fig. 2, lower panel) and high INDEX1 and
INDEX2 values (Fig. 8). Cluster 6 (the Balkan Peninsula and North
Africa) indicates occasional North African dust intrusion over
tories retained, Szeged, h ¼ 500 m.
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Greece, in accordance with results of earlier studies (Balis et al.,
2004; Katragkou et al., 2009). Cluster 10 (Mid-eastern Europe) is
also a major source of PM10 transport to Thessaloniki, strength-
ening the finding of Katragkou et al. (2009). They showed that
north-eastern flows (our cluster 10) and southern flows (our cluster
6) are the most frequent, and they can greatly influence the PM10
level of Thessaloniki. Clusters 7 and 8 have the lowest mean PM10
levels; they are both infrequent and includemostly high-moving air
masses, which is consistent with the finding of Katragkou et al.
(2009) that the transport of particulate matter from North-
western Europe to Thessaloniki is of limited importance (Fig. 3;
Table 2).
Fig. 5. The individual clusters of the backward trajectories retained
3.2. Szeged

Ten clusters were retained in a 3D analysis based on CCRMSD
(Figs. 4 and 5). In Table 2 the individual clusters (Fig. 5) with the
name of the source regions and their standardized average PM10
levels are presented. For Szeged, 33 significant differences were
detected among the possible 45 cluster pairs (73.3%).

The highest INDEX1 values are associated with cluster 10 (Mid-
Atlantic e Western Europe) (48.6%) (Fig. 8), but we can separate
this cluster since its frequency is practically negligible (1.9%). The
next highest INDEX1 values, in decreasing order, belong to cluster
9 (Mid-eastern Europe) (43.6%), cluster 1 (Central and Southern
, enclosed by their convex hulls, Szeged, top view, h ¼ 500 m.
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Europe with North Africa) (34.5%) and cluster 5 (Mid-Atlantic e

Western Europe) (31.7%). This is in agreement with the fact that
these clusters have very high mean PM10 levels (Fig. 5; Table 2).

Accordingly, clusters 1, 5 and 9 are the most relevant in terms of
PM10 transport to Szeged, which is confirmed by their highest
mean PM10 levels (Table 2), their high frequency (except for cluster
5) (Fig. 5), high portions of low-moving backtrajectories (Fig. 4,
lower panel) and high INDEX1 and INDEX2 values (except for
cluster 5) (Fig. 8). Cluster 1 (Central and Southern Europe with
North Africa), being the most frequent, includes short back-
trajectories and, hence, slow-moving air masses. The region
enclosed by this cluster is generally dry, especially in spring, and
wind erosion is frequently significant (e.g. the Hungarian Great
Plain within the Carpathian Basin; Mezosi and Szatmari, 1998),
creating a source of PM10. Furthermore, an important part of this
cluster is over North Africa, and this shows that high PM10
exceedance episodes can occasionally be related to low-moving air
masses coming from North Africa (Borbély-Kiss et al., 1999; Koltay
et al., 2006). Cluster 5 (together with cluster 10) has the longest
(fastest) backtrajectories. Even though they originate over
a pollutant free region (the Mid-Atlantics), they take up and
transport a considerable amount of dust over Hungary after
crossing Southern and Central Europe. This cluster is only of minor
importance due to its infrequent occurrence. Together with cluster
1 (Central and Southern Europe with North Africa), cluster 9 (Mid-
eastern Europe) is the most important for transporting PM10 to
Szeged. Consequently, Central-, Southern- and Mid-eastern Europe
Fig. 6. 3D clusters of backward trajecto
are the most important sources of PM10 for Hungary. Most of these
regions, especially the Mediterranean, are warm and arid for
a substantial part of the year, making it easier to uplift and trans-
port particulates to the target area (Fig. 5; Table 2).

3.3. Helsinki

Eleven clusters were identified for Helsinki based on CCRMSD
(Figs. 6 and 7). The individual clusters (Fig. 7), with the name of the
source regions and their standardized average PM10 concentra-
tions are indicated (Table 2).

The highest INDEX1 values are associated with clusters having
the highest PM10 levels; namely, in decreasing order, cluster
4 (69.1%), cluster 10 (37.9%), cluster 8 (30.9%) and cluster 9 (29.6%)
(Fig. 8). But the highest INDEX2 values, in decreasing order, are
indicated by cluster 4 (18.4%), cluster 8 (16.7%) and cluster
10 (14.7%). The INDEX2 value of cluster 9, having a highmean PM10
level, is low due to its very low frequency. Clusters 1, 3 and 11 with
the lowest particulate concentrations have the lowest INDEX1 and
INDEX2 values (Fig. 7; Table 2).

In summary, clusters 4 (Eastern Europe), 8 (Northern Europe)
and 10 (Eastern Europe) are considered the most important. These
clusters have the highest PM10 levels (Table 2), have a high
frequency (except for cluster 4) (Fig. 7) and have the highest
INDEX1 and INDEX2 values (Fig. 8). Furthermore, these clusters
have significant portions of low-moving backtrajectories (Fig. 6,
lower panel). Note that cluster 9 (Northern Europe) also has a high
ries retained, Helsinki, h ¼ 500 m.



Fig. 7. The individual clusters of the backward trajectories retained, enclosed by their convex hulls, Helsinki, top view, h ¼ 500 m.
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PM10 level, but its INDEX2 value is small due to its low frequency
and it has mostly high-moving backtrajectories. These character-
istics substantially weaken its role in increasing local PM10
concentrations. The substantial role of clusters 4 and 10 (Eastern
Europe) in contributing to local PM10 load in Helsinki was found
by Hongisto and Sofiev (2004) and Niemi et al. (2005). These
two clusters cover arid/semiarid regions with insufficient annual
precipitation amounts in a substantial part of the year, contributing
to frequent PM10 exceedance episodes. Evidence for the recurrent
long-range transport of elevated PM10 concentrations from the
Baltic States and North-western Russia (our cluster 8) over
southern Finland was reported by Hongisto and Sofiev (2004) and
Niemi et al. (2005). Furthermore, the occasional Caspian Sea desert
influence on aerosol concentrations over the target area indicated



Fig. 8. Indices 1 and 2 for 3D clusters of the backward trajectories, h ¼ 500 m.
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by some backtrajectories of clusters 4 and 10 was previously
mentioned by Hongisto and Sofiev (2004).

4. Discussion and conclusions

A cluster analysis was applied to 4-day, 6-hourly backward
trajectories arriving at Thessaloniki, Szeged and Helsinki over a 5-
year period in order to identify the main atmospheric circulation
pathways influencing PM10 levels at these sites. When performing
ANOVA, the decision on the significance of two cluster averages is
based on a modified t-test because the test is performed using
standardized data instead of the original data. The Mahalanobis
metric was used in order to avoid the need for a two-stage cluster
analysis introduced in Borge et al. (2007). The 3D delimination of
the clusters, by the function “convhull” is a novel approach.
Furthermore, presentation of vertical extension of the trajectory
clusters enclosed by their 3D convex hulls and, in this way,
delimiting low-moving backtrajectories is a novel procedure.

When determining important clusters that mainly influence
PM10 levels, the following aspects were considered: 1) the average
PM10 level of a given cluster should differ significantly from that of
another cluster, 2) the average of the given cluster should be high,
3) the INDEX1 value and/or INDEX2 value of the given cluster
should be high. Two other factors could be important, namely
whether the given cluster has a high frequency and whether the
given cluster has low-level backward trajectories.

For Thessaloniki, the major PM10 transport can be clearly
associated with air masses coming from Central and Southern
Europe, the Balkan Peninsula and North Africa and Mid-eastern
Europe. The importance of these clusters is justified by large
regions that have a negative water balance in a substantial part of
the year. The Balkan Peninsula and North Africa suggest occasional
North African dust intrusions over Greece, which are in accordance
with results obtained from related studies (Balis et al., 2004;
Katragkou et al., 2009). Mid-eastern Europe is also a major source
of PM10 transport to Thessaloniki. This conclusion is in accordance
with the results of Katragkou et al. (2009) who found that north-
eastern flows (our cluster 10) and southern flows (our cluster 6)
are the most frequent and they can influence the PM10 level of
Thessaloniki. Although clusters 7 and 8 have the lowest PM10
levels, they are both infrequent and includemostly high-moving air
masses, suggesting that transport of particulate matter fromNorth-
western Europe to Thessaloniki is of little importance (Katragkou
et al., 2009).

For Szeged, clusters 1, 5 and 9 are the most relevant in PM10
transport. Cluster 1, corresponding to Central and Southern Europe
with North Africa, includes the occasional appearance of North
African-origin dust over Hungary and corroborates earlier studies
(Borbély-Kiss et al., 1999; Koltay et al., 2006). Cluster 5 (Mid-
Atlantic eWestern Europe) consisting of trajectories that pass over
Southern and Central Europe, transports a considerable amount of
dust over Hungary. However, this cluster is generally of little
importance due to its infrequent occurrence. Together with cluster
1, cluster 9 (Mid-eastern Europe) is the most important for trans-
porting PM10 to Szeged. Consequently, Central-, Southern- and
Mid-eastern Europe are the most important sources of PM10 over
Hungary. Most of these regions, especially the Mediterranean, are
warm and arid for a substantial part of the year, making it easier to
uplift and transport particulates over the target area.

As regards Helsinki, clusters 4 (Eastern Europe), 8 (Northern
Europe) and10 (Eastern Europe) are considered themost important.
The substantial role of clusters 4 and 10 in contributing to local
PM10 load in Helsinki is in agreement with the findings of Hongisto
and Sofiev (2004) and Niemi et al. (2005). These two clusters cover
arid/semiarid regions with insufficient annual precipitation
amounts for a substantial part of the year and contribute to frequent
PM10 exceedance episodes. Evidence for the recurrent long-range
transport of elevated PM10 concentrations from the Baltic States
and North-western Russia over southern Finland was reported by
Hongisto and Sofiev (2004) and Niemi et al. (2005). An occasional
Caspian Sea desert influence on aerosol concentrations over the
target area indicated by some backtrajectories of clusters 4 and 10
strengthens earlier conclusions (Hongisto and Sofiev, 2004).

After classifying objective groups of backtrajectories and, in this
way, detecting the main circulation pathways for the cities in ques-
tion, it is important to separate local and transported components of
the actual PM10 levels. In other words, it is necessary to determine
the relative weight of these two components in the measured PM10
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concentration. There are several case studies available that allowone
to distinguish the long-range PM10 transport episodes from local
PM10 pollution episodes (Escudero et al., 2006; Aarnio et al., 2008).
Analyses of local meteorological conditions and air mass back-
trajectories for a given city play an important role in developing
methods for the above purpose (Aarnio et al., 2008). An attempt is
made here using local meteorological parameters and components
of the trajectories to discriminate these two pollution modes in the
entire 5-year data set. Local PM10 pollution is characterized next via
the daily mean temperature, daily relative humidity and daily global
solar flux. Snow depth is also considered for Helsinki, because the
spring peak of PM10 typically covers thewhole snowmelt period for
this city (Anttila and Salmi, 2006). Long-range PM10 transport is
described by the real 3D length of the trajectories, the length of the
3D trajectories as the crow flies, their ratio, as well as the average
daily highest and lowest positions of the backward trajectories based
on their 4-day, 6-hourly positions. The latter two characteristics refer
to the vertical transport of PM10 in the atmosphere, which comes
from either turbulent transport, dominating the vertical exchange of
PM10 in the boundary layer, or intense convective upwelling, which
results in large amounts of particulates being transported from near
the surface to high elevations (Ansmann et al., 2003).

As the PM10 level on a given day is substantially influenced by
whether it corresponds to a non-rainy or rainy day, the backward
trajectories are divided into two groups, i.e. non-rainy and rainy
days. This kind of classification of days reveals the role of precipi-
tation in the quantity of transported PM10 (Querol et al., 2009).
After performing a factor analysis, a special transformation was
carried out for each city with the two groups (rainy or non-rainy
days) and the 500 m, 1500 m and 3000 m arrival heights of the
backward trajectories. Thus, altogether 3 � 2 � 3 ¼ 18 procedures
gave information about the weights of the local source and long-
range transport reflected by the 8 (9 for Helsinki) explanatory
variables. The main conclusion is as follows. Local PM10 pollution is
greater, both for non-rainy and rainy days, for Thessaloniki and
Helsinki, while long-range transport plays a higher role both for
non-rainy and rainy days for Szeged. Adding up the weights of the
local pollution and long-range transport, the average value of the
two weights is larger for Szeged on non-rainy days and for Szeged
and Helsinki on rainy days at the 500 m height compared to the
higher levels. Hence, the eight (nine) variables contain more
information on PM10 when using backtrajectories arriving at the
500 m height in these three cases. For the other three cases (The-
ssaloniki on non-rainy and rainy days, as well as Helsinki on non-
rainy days) the results disagree with our preliminary expectations
because near surface air currents might be affected by several
factors that substantially modify the ratio of the local and trans-
ported particulates. Moreover, the variables contain more infor-
mation at higher levels on the transported PM10 for Thessaloniki
on rainy days and for Helsinki on non-rainy days. The role of both
kinds of variables is essentially the same when considering rainy or
non-rainy days. Note that these findings are valid only for variations
of daily PM10 concentrations accounted for by the eight (nine for
Helsinki) explanatory variables and nothing is known about the
variance portion not explained by these variables.
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