Atmospheric Research 92 (2009) 464–474

Contents lists available at ScienceDirect

Atmospheric Research
j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / a t m o s

Origin and source regions of PM10 in the Eastern Mediterranean atmosphere
Mustafa Koçak a, Nikos Mihalopoulos b, Nilgün Kubilay a,⁎
a
b

Institute of Marine Sciences, Middle East Technical University, P.O. Box 28, 33731, Erdemli-Mersin, Turkey
Environmental Chemical Processes Laboratory, Department of Chemistry, University of Crete, P.O. Box 2208, Gr-71003 Voutes, Heraklion, Greece

a r t i c l e

i n f o

Article history:
Received 22 July 2008
Received in revised form 14 January 2009
Accepted 18 January 2009
Keywords:
Source apportionment
Mass closure
Absolute principle factor analysis
Positive matrix factorization
PM10

a b s t r a c t
A set of daily PM10 (n = 281) samples collected from April 2001 to April 2002 at a rural site
(Erdemli), located on the coast of the Eastern Mediterranean, were analyzed applying Mass
Closure (MC), absolute principal factor analysis (APFA) and Positive Matrix Factorization (PMF)
to determine source contributions. The results from the three techniques were compared to
identify the similarities and differences in the sources and source contributions. Source
apportionment analysis indicated that PM10 were mainly originated from natural sources (sea
salt + crustal ≈ 60%) whilst secondary aerosols and residual oil burning accounted for
approximately 20% and 10% of the total PM10 mass, respectively. Calculations for sulfate
showed that on average 8% and 12% of its total concentration were originated from sea salt and
biogenic emissions, respectively. However, the contribution by biogenic emissions may reach
up to a maximum of ~ 40% in the summer. Potential Source Contribution Function (PSCF)
analysis for identiﬁcation of source regions showed that the Saharan desert was the main
source area for crustal components. For secondary aerosol components the analysis revealed
one source region, (i.e. the south-Eastern Black Sea), whereas for residual oil, Western Europe
and the western Balkans areas were found to be the main source regions.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Atmospheric aerosols (or particulate matter, PM) have the
potential to play an important role in modifying and/or
altering climate, hydrological cycles, chemistry of the atmosphere, biogeochemical cycles and public health (Mamane
and Gottlieb, 1992; Lelieveld et al., 2002; Markaki et al., 2003;
Carbo et al., 2005; Grifﬁn et al., 2007). The PM10 fraction of
aerosols is deﬁned as particles with diameters smaller than
10 µm. Owing to the potential adverse health and environmental impacts, legislation of the PM concentration limits has
been established in many regions of the world including the
European Union. The annual and daily PM10 values have been
limited to 40 µg m− 3 and 50 µg m− 3 (which may only be
exceeded for 35 days), respectively while annual PM2.5 value
has been limited to 17 µg m− 3 as addressed by Directive
2008/50/EC of the European Parliament and the Council of 21
May 2008 on ambient air quality and cleaner Europe.
⁎ Corresponding author. Tel.: +90324 5213434; fax: +90324 5212327.
E-mail address: kubilay@ims.metu.edu.tr (N. Kubilay).
0169-8095/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.atmosres.2009.01.005

Identiﬁcation of the concentration, composition, origin,
transport and geographical distribution of PM in Mediterranean atmosphere has been the subject of research activities
since the last two decades as it is heavily affected by two
contrasting sources; namely mineral dust (mainly from
Sahara Desert) and various anthropogenic (from industrialized/semi-industrialized countries) emissions (Dulac et al.,
1987; Kubilay and Saydam, 1995; Avila et al., 1998; Moulin
et al., 1998). In recent years there has been an increasing
number of studies published on PM10 concentrations in the
western Mediterranean (Artinano et al., 2001; Rodriguez
et al., 2002; Querol et al., 2004; Salvador et al., 2004; Viana
et al., 2008). These studies have evaluated the natural and
anthropogenic contributions to ambient PM10 in western
Mediterranean atmosphere. The general ﬁndings may be
summarized as follows: (a) PM10 concentrations in the
western Mediterranean atmosphere increase from rural to
kerbside, (b) the contribution to PM10 of anthropogenic
sources decreases from urban/industrialized/kerbside sites
towards rural sites, and (c) PM10 levels observed both in rural
and urban sites are considerably affected by high mineral dust
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concentrations during African dust outbreaks. However, only
a limited number of studies have been conducted on PM10
concentrations in the Eastern Mediterranean atmosphere
(Andreae et al., 2002; Kouyoumdjian and Saliba, 2005;
Gerasopoulos et al., 2006; Koçak et al., 2007a,b). These
studies indicate that PM10 levels at regional background sites
within the boundary layer in the Eastern Mediterranean are
mainly related to the proximity of sampling sites to arid
regions (e.g. the Sahara Desert and the Middle East).
A number of approaches have been adopted including;
Mass Closure, chemical mass balance, absolute principal
factor analysis and Positive Matrix Factorization (Thurston
and Spengler, 1985; Paatero and Tapper, 1994; Bardouki et al.,
2003; Viana et al., 2008) to identify sources and their
contributions to a complex mixture of soluble and insoluble
species associated with aerosols. Coupled with source
apportionment techniques air mass back trajectories have
been used to deduce potential source regions of aerosols. For
instance clustering of trajectories, residence time analysis and
Potential Source Contribution Function techniques have been
successfully applied in the ﬁeld of atmospheric studies
(Ashbaugh et al., 1985; Dorling et al., 1992; Brankov et al.,
1998; Cape et al., 2000; Salvador et al., 2004; Güllü et al.,
2005). However, in the Mediterranean region relatively
limited research has been carried out on the identiﬁcation
of potential source regions of aerosol components in
particulate matter and few comparisons between the various
source apportionment techniques have been performed.
To understand the origin of aerosols in the north Eastern
Mediterranean, for the current study, source apportionment
has been performed by applying Mass Closure, absolute
principal factor analysis and Positive Matrix Factorization. The
results from the three techniques have been compared to
determine similarities and differences in sources and source
contributions. In addition, potential source regions of
detected sources will be identiﬁed by using the Potential
Source Contribution Function.
2. Materials and methods
2.1. Aerosol sampling and analytical measurements
Daily two-stage aerosol ﬁlters were collected from a rural
site located on the coastline of the Eastern Mediterranean,
Erdemli (36° 33′ 54″N and 34° 15′ 18″E, at about 22 m above
sea level and 10 m away from sea), Turkey (for more details
see Kubilay and Saydam, 1995; Kubilay et al., 2002; Koçak et
al., 2004a,b) between April 2001 and April 2002. A total of 281
PM10 (coarse + ﬁne) aerosol samples were collected on 8.0 μm
and 0.4 μm apiezon coated Nuclepore polycarbonate ﬁlters,
respectively, using a low volume sampler (Gent type PM10
stack ﬁlter unit). After collection of aerosol ﬁlters, PM10–2.5 and
PM2.5 concentrations were determined gravimetrically.
Water-soluble ions were measured by ion chromatography
(IC) at Environmental Chemical Processes Laboratory (ECPL),
University of Crete, following the method described in details
by Bardouki et al. (2003). Concentrations of the elements (Fe,
Ti, Ca, Mn, K, Cr, V, Zn) were obtained using 2 cm2 of the ﬁlter
sample applying proton-induced X-ray emission (PIXE) at
ATOMKI (Institute of Nuclear Research of the Hungarian
Academy of Sciences, Debrecen, Hungary) as described by
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Borbely-Kiss et al. (1999). Details on sampling and analysis of
aerosols ﬁlters are given in Koçak et al. (2007a,b).
2.2. Air mass back trajectories
Air masses back trajectories arriving at the sampling site
were computed by the Hysplit Dispersion Model (Hybrid
Single Particle Langrangian Integrated Trajectory; Draxler and
Hess, 1998) and were illustrated by one-hour endpoint
locations in term of latitude and longitude. Daily back
trajectories were evaluated for 3 days for four different
heights above the starting point at ground level (1000, 2000,
3000 and 4000 m AGL). However, in order to calculate
residence times of air mass back trajectories only the 1000 m
and 4000 m altitudes were used.
2.3. Source apportionment techniques
Various apportionment techniques such as Mass Closure
(MC), absolute principal factor analysis (APFA) and Positive
Matrix Factorization (PMF) have been applied by various
researchers to identify sources of aerosol (Thurston and
Spengler, 1985; Paatero and Tapper, 1994; Huang et al., 1999;
Bardouki et al., 2003; Song et al., 2008; Viana et al., 2008).
Below a short description of these techniques is given.
(a) MC: Is the easiest and simplest from all apportionment
techniques since calculations are obtained directly
from measured species. However, this technique is
not able to provide information on how does aerosol
species co-vary as well as their underlying sources.
(b) APFA: It can be directly run from a spreadsheet which
makes it easy. There are also options for selecting
elements, handling missing data and extracting various
numbers of factors. The main disadvantage is that
loadings and factor scores may have negative values
which are not desirable for quantitative analysis.
(c) PMF: It constrains factor loadings and factor scores to
nonnegative values and it separates sources better than
APFA. The major disadvantage is that missing values
and limits should be eliminated of ﬁlled by user,
becoming time consuming compared to APFA.
Although MC, APFA and PMF have their own advantages
and drawbacks, the simultaneous use of these techniques can
provide valuable info to the researchers.
For Mass Closure (MC): (a) the total amount of mineral
dust was estimated using Fe concentrations assuming a
relative ratio to the upper crust of 3.089% (Wedepohl, 1995),
(b) the sea salt contribution was calculated from Na+
concentrations assuming that Na+ has a pure marine origin,
+
−
2−
+
(c) ionic mass is the sum of nssSO2−
4 ; NO3 , C2O4 , NH4 , nssK
and nssMg2+. Non-sea salt levels of the species were
calculated using Na+ as the tracer and the standard sea
water composition (Turekian, 1976).
Factor analysis is commonly used in environmental
studies to deduce sources from data (Thurston and Spengler,
1985; Salvador et al., 2004; Güllü et al., 2005). The principal
application of factor analysis is to reduce the number of
variables. Therefore, factor analysis can be applied as a data
reduction method. Hence, for each PM10 aerosol component
identiﬁed the factor score can be computed for each sample.
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Mass loadings for the samples can then be regressed on the
AFCS (Absolute Factor Component Scores) to estimate the
mass contributions (for more details see Thurston and
Spengler, 1985).
The Positive Matrix Factorization model was described in
detail by Paatero and Tapper (1994) and Paatero (2007). In
PMF any data matrix X having n rows (number of samples)
and m columns (number of species) can be factorized into
two matrices, namely G (n × p) and F (p × m) and the residual
part E, where p denotes the number of factors extracted.
X = GF + E

ð1Þ

G is the source contribution matrix with extracted factors
(sources) and F is a source proﬁle matrix. The details of the
algorithm for PMF are provided by Paatero (2007).
The PMF has ability to handle missing and below detection
limits data adjusting the corresponding error estimates.
However during this study, missing data were removed
from the data spreadsheet and uncertainties in the data
were calculated using an ad hoc formula (Anttila et al., 1995)
since the concentrations of each species were found to be
higher than their detection limits. Therefore, in order to
calculate uncertainties square root of the 5% of the measured
species plus the detection limit was applied. In the concurrent
analysis n (days) = 265 and m (chemical species) = 18
(identical matrix was used for MC and APFA analysis). The
robust mode of PMF2 has been applied for analyzing the
dataset. It can avoid excessively large values in the dataset,
which can disproportionally affect the results. The parameter
α is referred to as the outlier distance. Data values lying more
than α standard deviations above or below the ﬁtted value
will be treated as outliers and receive a decreased weight in
PMF2. Values of 2.0, 4.0 and 8.0 were suggested by Paatero
(2007) for outlier distance to achieve easier comparison of
results obtained by different researchers. During the application of PMF2 the vales α = 2.0 was used in the study. Error
model −14 and C3 = 0.1 have been applied during this study
(Lee et al., 1999; Paatero, 2007). The PMF program allows one
to repeat the analysis from random starting points to test if
global minimum solution is achieved. For this purpose, the
analysis was allowed to repeat ten times from ten pseudorandom starting points and the Q values were not very
different from each other.
There is no mathematical criterion to extract the correct
number of factors. However, the observed Q and scaled
species residuals can be helpful. The observed Q should not be
less than the theoretical Q since this would mean that the
model predicted the observed data better than it could be
based on the uncertainty (Rizzo and Scheff, 2007). Expected
Q value can be calculated by formula [Qexpected = nm − p(n +
m)] given by Paatero et al. (2002). Scaled residuals did not
indicate a tendency to mainly positive, negative and/or very
small values and showed a random pattern of positive and
negative values, most of them being between −2.0 and 2.0
(more than 95%). Therefore, six factors were found to give the
most reasonable results (Q = 3379 N Qexpected = 3072). An
increase in the number of factors resulted in less meaningful
sources and the Q value (2702) was less than expected (2789).
The decrease being caused by a combination of distinct
sources. After the number of factors was determined, PMF

was run with different Fpeak values to explore the rotational
freedom. A rotational matrix (Rotmat) in PMF is utilized to
reveal if factors have rotational freedom. Choosing the largest
element in Rotmat can show the worst case in the rotational
freedom (Lee et al., 1999). Taking into account the variation in
the Q value and the largest element in Rotmat, the Fpeak value
was adjusted to 0.1 during the application of PMF.
2.4. Potential Source Contribution Function (PSCF)
A 2° longitude× 2° latitude cells grid has been superimposed
over the region deﬁned by 10° N–76°N and 20°W–50°E. The
residence time and special residence time analysis then were
calculated using the formula given below by Ashbaugh et al.
(1985)
 
nij
P Aij =
N

ð2Þ

 
mij
P Bij =
N

ð3Þ

where nij is the number of trajectory segment endpoints that
fall in the ijth cell during a time interval T, mij is the number of
segment points in the ijth cell for those trajectories which arrive
at the receptor site when the aerosol species concentration is
higher than the threshold values, N is the total number of
endpoints computed for the time interval and P[Aij] and P[Bij]
represent the residence time probability of the randomly
selected air parcel in the ijth cell relative to the total time
interval T and special residence time probability, respectively.
Subsequently Potential Source Contribution Functions were
evaluated by dividing P[Bij] with P[Aij].
3. Results and discussion
3.1. Source apportionment for PM10
The Mediterranean atmosphere can be inﬂuenced by three
strong, but distinct aerosol sources: (a) crustal dust, (b) sea
salts and (c) anthropogenic emissions. Therefore, identiﬁcation of the sources and estimation of the contribution made
by each source to the particulate matter is of importance. In
order to achieve this and compare results from different
approaches, Mass Closure (MC), Absolute Principle Factor
Analysis (APFA) and Positive Matrix Factorization (PMF) were
applied.
3.1.1. Mass Closure (MC)
Fig. 1 presents daily contributions of the each source to
PM10. Ionic mass (Fig. 1a) exhibited higher contributions
particularly in the summer owning to enhanced production of
secondary aerosols under the conditions prevailing over the
Eastern Mediterranean region during the summer (Mihalopoulos et al., 1997; Koçak et al., 2004b). Contribution of sea
salt (Fig. 1b) was found to be higher in winter. Storms are
more frequent and more intense during the winter period due
to thermal gradient between warm sea and intrusions of cold
continental air masses. Therefore, in winter unsettled
weather conditions enhanced the concentrations of sea salt
ions throughout severe sea spray generation (Koçak et al.,
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220 µg m− 3 when air masses reaching the Erdemli originated
from North Africa. Fig. 2 shows crustal, sea salt and ionic mass
contributions for dust and non-dust events. Contribution of
crustal component was found approximately 5 times higher
during mineral dust transport from North Africa than during
non-dust events (CrustalDust ≈40 µg m− 3; CrustalNon-Dust
≈8 µg m− 3). On the other hand there was no difference for
sea salt and ionic mass contributions during dust and nondust events. As a result, chemical composition is predominantly affected by crustal load due to mineral dust transport
from North Africa.
3.1.2. Absolute Principle Factor Analysis (APFA)
The result of varimax-rotated factor analysis is presented
in Fig. 3a for aerosol species in PM10. The data for PM10 can be
interpreted on the basis of four common factors. The ﬁrst
factor can be characterized as a being representative of a
crustal source since it is heavily inﬂuenced by the concentrations of Ti, Fe, Mn, Ca2+ and K+. The second factor can be
identiﬁed as representing the marine source, since it consists
of high loadings of Na+, Cl−, Mg2+ and Br−. The third factor
−
+
2−
−
has high loadings of SO2−
4 , NH4 , MS , C2O4 , NO3 and Zn.
This factor, therefore, maybe ascribed to secondary aerosols as
it has high loadings of sulfate, ammonium, methanesulfonate,
nitrate and oxalate. The fourth has high loadings of V and Ni
(moderate loadings of Zn and Cr) and hence may be
attributed to residual oil combustion.

Fig. 1. Daily contributions of each source to ionic mass (a), sea salt (b), PM10
crustal (c).

2004b). The winter minimum of crustal load could be
attributed to the frequent removal of atmospheric particles
via wet deposition and damp soil on both the local and
surrounding landmasses due to precipitation. Even though
substantial rain events were detected in the transitional
periods, crustal (Fig. 1c) contribution was highest in March,
April and May months due to the well documented transport
from North Africa and rarely from the Middle East (Kubilay
and Saydam, 1995; Kubilay et al., 2000; Koçak et al., 2004a)
which is often associated with intense sporadic peaks of
mineral dust. Aerosol Fe concentrations higher than 500 ng m− 3
(as threshold values), corresponding air mass back trajectories
and satellite images obtained from TOMS (Total Ozone Mapping
Spectrometer) were utilized in order to reﬁne mineral dust
events at Erdemli during sampling period. During this period 34
dust days were identiﬁed by an abrupt increase in the
concentrations of Fe, Ti, Mn, and Ca. It should be noted that Fe,
Ti and Mn for dust and non-dust events show strong correlation
between each other (R2 N 0.90) whereas these species indicate
weak correlation coefﬁcients with pollutants such as Zn, V and
Ni (R2 b 0.28). Therefore, these relationships suggest that Fe, Ti
and Mn are mainly originated from crustal source during dust
and non-dust events. The highest mineral dust concentration
was observed on the 13th of May 2001 with a value of more than

3.1.3. Positive Matrix Factorization (PMF)
The result of identiﬁed sources using PMF2 (version 4.2) is
shown in Fig. 3b. The ﬁrst factor analysis consists of mainly Fe,
Ti, Mn, Ca and K which are typical of crustal dust. The second
factor is mainly formed by Na+, Cl−, Mg2+ and Br−. Based on
these species the assigned source would be sea salts. The third
factor explains more than 70% of the total nitrate concentration. This factor was also related to the ﬁrst and second factors
which characterize reactions between acidic nitrate and sea
salt/crustal sources. The fourth factor consists of principally
ammonium and sulfate. This source represents around 98% of
the total ammonium concentration. The calculated equivalent
2−
ratio of NH+
4 and SO4 is ~ 0.8 which shows that sulfate is not
sufﬁciently neutralized by ammonium (for more details see
Koçak et al., 2007b). The ﬁfth factor is predominantly
inﬂuenced by methanesulfonate. It is worth mentioning that
sulfate found in this source accounts for ~ 9% of the total

Fig. 2. Contributions of crustal, sea salt and ionic mass to PM10 for dust and
non-dust events.
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Fig. 3. Source proﬁles for PM10 from APFA (a) and PMF (b).

sulfate concentration which is consistent with results presented in Section 3.2. The sixth factor might be attributed to
residual oil burning since this source can be characterized by
high explained variation values of V and Ni (~ 70%).

3.1.4. Comparison of three techniques and source apportionment
Estimated PM10 concentrations from MC, APFA and PMF
against measured concentrations of PM10 are presented in
Fig. 4a, b and c, respectively. The slope of the regression lines
for three estimates (Fig. 4) showed values close to unity.
Although there is no statistical difference between techniques, from regression analysis, the best estimated values is
õ o b s e rve d fo r P MF wi t h a n i n t e rc e pt a ro u n d 2
(Unknown = 5%) and R2 = 0.96. The results observed for
APFA were similar; however a higher value was calculated
for the intercept, being around 3 (Unknown = 8%). The MC
technique is clearly able to identify sea salt and crustal sources
but not the others. In addition, APFA was able to determine
only 4 sources whilst PMF was able to identify 6 sources. The
main difference between APFA and PMF was the identiﬁcation
of secondary aerosols. PMF was clearly able to deﬁne

secondary aerosols into three distinct groups namely: ammonium bisulfate, nitrate and biogenic.
The relative estimated contributions from each of the
identiﬁed sources to the PM10 according to the different
techniques are shown in Fig. 5. Considering the three
estimation techniques, the largest portion of PM10 is attributable to the sea salt and crustal related sources. MC exhibited
the largest unidentiﬁed fraction (15%) of the PM10, since it
depends upon a simple mathematical calculation and hence
resulted in the lack of ability to extract additional sources
such as residual oil. For example, on 20th of February 2002
(PM10 = 37.6 µg m− 3), unidentiﬁed fraction calculated from
MC reached up to ~30% when residual oil contribution was
found ~ 28%. In general, MC, APFA and PMF produced almost
identical contributions of sea salts (31–33%), crustal (28–31%)
and secondary aerosols (22–24%) (ionic mass for MC) in
PM10. Whilst PMF indicated a lower crustal contribution
(28%) and a higher contribution of residual oil (10%) to PM10
compared to APFA (31% and 7%, respectively). This variation
might be attributed to differences in source proﬁles extracted
from PMF and APFA. Although quantitatively it is not possible
to compare contributions of residual oil and crustal sources to
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total species concentrations due to the different units, it is
evident from extracted sources that Ca demonstrated different portionings between two proﬁles in PMF and APFA. For
example, whilst Ca had a very high loading (0.88) in crustal
sources in APFA, only 47% of the Ca originated from crustal
sources in PMF. Overall, results from three techniques showed
the dominance of natural sources (crustal and sea salt
sources; 61–63% of the total) in PM10, whereas secondary
aerosols accounted for 22–24% of the total PM10.

Fig. 4. Comparison of observed daily levels and estimated form MC (a), APFA
(b) and PMF (c) for PM10.

Fig. 5. Source apportionment from Mass Closure and Absolute Principle
Factor Analysis and Positive Matrix Factorization for PM10.
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3.2. Source apportionment for sulfate
Non-sea-salt sulfate shows strong seasonal cycles with a
winter minimum and a summer maximum (Fig. 6a). The lowest
concentrations were found during winter when nssSO2−
4
averaged around 2 µg m− 3. Monthly mean concentrations of
this anion in January and February were observed, similar to
those observed for March and April. Elevated concentrations
were found during the summer (particularly from June to
−3
August) when nssSO2−
.
4 averaged more than 6 µg m
The considerable increase in the concentration of nssSO2−
4
from winter to summer may be a result of several different
processes: photochemistry, wet precipitation, biogenic sulfur
and change in atmospheric transport. During summer,
homogeneous conversion of SO2 to particulate SO2−
has
4
been suggested as the main oxidation mechanism under
conditions prevailing over the Eastern Mediterranean region
(Luria et al., 1996; Mihalopoulos et al., 2007). Moreover,
conversion rates of SO2 to sulfate indicate a strong seasonal
cycle with a winter minimum and a summer maximum in the
Eastern Mediterranean (Erduran and Tuncel, 2001). These
authors suggest that the observed low conversion rates
during winter occur because of low solar ﬂux. In addition, in
summer, particles are accumulated in the atmosphere as a
consequence of the low frequency of rain events. High sulfate
levels during the summer have been attributed to biogenic
sulfur emissions (Ganor et al., 2000; Kubilay et al., 2002).
Additionally, Mihalopoulos et al. (1997), applying air mass
back trajectories, indicated that the highest nssSO2−
concen4
trations are associated with transport from Eastern and

Central Europe in summer when dry deposition is the main
removal mechanism for aerosol particles.
In order to calculate the biogenic fraction of nssSO2−
the
4
formula suggested by Bates et al. (1992) was used since it is
principally dependent upon temperature. The formula
reﬂects a simple linear relationship between temperature
and [MS−]/[nssSO2−
4 ] which Bates et al. (1992) found to be a
good approximation for the observed values in unpolluted
marine sites in the Southern Hemisphere. The formula
proposed by Bates et al. (1992) is given as fallows:
R = −1:5×T ð∘CÞ + 42:2
where R is the [MS−]/[nssSO2−
4 ] ratio, T (°C) is temperature.
However, it should be noted that application of above
formula for Eastern Mediterranean is still under debate since
Bates et al. (1992) equation was derived for lower temperatures and lower nitrate concentrations than those observed
during summer over Eastern Mediterranean. Therefore, one
should keep in mind that prevailing summer conditions and
high nitrate levels may cause over estimated biogenic sulfur
contribution and this formula should be tested by approaches
like use of sulfur isotopes. On the other hand, biogenic
contribution from this formula has been compared for Eastern
Mediterranean by an alternative calculation based on DMS
data (Ganor et al., 2000; Kouvarakis and Mihalopoulos, 2002).
Two assumptions yielded similar biogenic contribution on
observed nssSO2−
4 . Mihalopoulos et al. (1997) calculating that
the biogenic emission contributions ranged from 0.6 to 28.3%
of the total nssSO2−
4 at Finokalia, Crete (Central Mediterranean).

Fig. 6. Monthly average non-sea salt sulfate concentrations (a) and monthly biogenic sulfate contribution to non-sea salt sulfate.
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Similar results were found by Kouvarakis and Mihalopoulos
(2002) for the same station. Ganor et al. (2000) determined
that 11% (ranged from 5.6% to 22%) of the nssSO2−
from bio4
genic origin in aerosol samples collected from the Israeli coast.
Monthly biogenic contributions to non-sea salt sulfate are
represented in Fig. 6b. During the winter months (January,
February and December) the mean biogenic contributions
were found to be negligible with a value around 1%. In March
the biogenic contribution was also very low. However, from
April to May the biogenic contribution increased gradually
and the mean contribution ranged from 4% in April to 8%
during May. The highest mean biogenic contributions were
found in the summer and ranged from 17% in June to 38% in
July and August. On average about 12% of the non-sea salt
sulfate was evaluated as biogenic sulfate. Based on this
calculation, unlike remote marine sites the Mediterranean
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site is heavily inﬂuenced by anthropogenic sulfate emissions.
Moreover, calculated values indicated that even during the
summer period anthropogenic sulfur sources are the predominant source in Mediterranean atmosphere. In Turkey,
approximately 30% of the power generation is obtained by
high sulfur containing coal burning (Say, 2006). Therefore,
high conversion rates of SO2 to SO2−
coupled with high SO2
4
emissions from this source might be suggested as one of the
reasons of anthropogenic origin of sulfate.
3.3. Potential Source Contribution Function (PSCF) Analysis
The PSCF analysis has been applied to sources identiﬁed in
the PM10 (see Fig. 3a) by factor analysis: crustal, secondary
and residual oil. Sea spray is produced by bubble bursting
which commences at a wind speed of about 3–4 ms− 1

Fig. 7. Distribution of PSCF values for factor scores higher than 1 of crustal (1000 m, a), crustal (4000 m, b), secondary (c) and residual oil (d). Only statistically
signiﬁcant PSCF values at the 95% conﬁdence level are shown.
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(O'Dowd et al., 1997) and hence related highly with local
meteorological parameters. Indeed, Sellegri et al. (2001), did
not ﬁnd signiﬁcant changes in Na+ concentrations between
short and long fetch samples collected on board the R/V
L'Atalante and they suggested that the production of new sea
salts takes place rapidly during the ﬁrst 25 km. Therefore,
PSCF for sea salt was not evaluated. Since the data have been
previously normalized (for more details see Thurston and
Spengler, 1985), this means that means and standard
deviations are equal to values of 0 and 1, respectively. In
order to obtain a special case, residence time probability
maps, representing P[Bij], were constructed by trajectories
which ended at Erdemli when factor scores of each source
were higher than 1 (higher than the standard deviation).
Calculated PSCF values were subdivided into ﬁve categories:
(a) very weak (0.0–0.20), (b) weak (0.20–0.40), (c) intermediate (0.40–0.60) and (d) strong (0.60–1.0). Calculated
PSCF values in some areas occur by chance. Therefore, it is
essential to check the statistical signiﬁcance of every grid cell
PSCF value. Two statistical tests to check signiﬁcance were
adopted; bootstrap technique and binomial distribution
(Vasconcelos et al., 1996; Salvador et al., 2004). The binomial
distribution technique was applied since it has an easier
computation compared to the bootstrap method. Therefore,
only PSCF values statistically signiﬁcant at the 95% conﬁdence
interval have been considered in the analysis.
3.3.1. Crustal source
The PSCF map for the lower pressure level (1000 m above
the sea level; see Fig. 7a) indicated that the strong potential
probabilities are located at North Africa particularly the
Eastern Sahara desert. From the map for the lower pressure
level it might be suggested that the Eastern Sahara (particularly the central Libyan Desert fourth strongest source in the
world with average AI N1.5; Washington et al., 2003) is one of
the important source of the mineral dust transported into the
Eastern Mediterranean region. In addition, with strong PSCF
values northern Algeria appeared as another source for
crustal material. The PSCF map for the higher pressure level
(4000 m; see Fig. 7b) is more representative of the Sahara
desert since dust transport mainly takes place at high
altitudes (Kubilay et al., 2000, 2005; Kalivitis et al., 2007).
In contrast to the lower layer PSCF map, the higher level layer
PSCF map showed various source areas in the Sahara desert
primarily including a large area 22°–30°N and 10°W to 20°E
covering patches of central/southern Algeria, northern Mali/
Mauritania and Western Sahara. The Bodele depression
appeared to be an additional source region. Interestingly,
these ﬁndings are similar to recent results of Engelstaedter
and Washington (2007) who, applying long term mean of the
satellite derived TOMS Aerosol Index, have highlighted major
dust producing areas in North Africa; region in Central Chad
known as the Bodele depression and a large region in West
Africa covering of Mauritania, Mali and Algeria.
3.3.2. Secondary aerosol source
The PSCF map obtained for the secondary aerosol source
(see Fig. 7c) does not clearly indicate any source regions,
except the south-Eastern Black Sea. Recently, Kubilay et al.
(2002) have observed higher nssSO2−
and MS− concentra4
tions for air masses originating from the Black Sea and

proposed medium range transport of these water soluble ions
due to DMS-producing phytoplankton species such as
coccolithophorids, ﬂagellates, etc. Hence, high PSCF values
for this source over the south-Eastern Black Sea imply that
biogenic activities taking place in the Black Sea is an
important source for this group. Biomass burning from
regions surrounding Black Sea might be suggested as an
additional source for secondary aerosol (Sciare et al., 2008).
Recently, for Erdemli site it has been shown that excess-K/BC
presented two distinct ratios for winter (0.06) and summer
(0.34), indicating two different sources: fossil fuel burning in
winter and biomass burning in summer (Koçak et al., 2007b).
Nevertheless, the lack of relationship between BC and this
ratio with secondary aerosol suggests that this component is
not signiﬁcantly affected by biomass burning. However, lack
of high PSCF values for secondary aerosol sources suggests
that this class of particles is strongly inﬂuenced by local
sources mainly under the prevailing summer conditions.
3.3.3. Residual oil source
The PSCF map derived for the residual oil source (see Fig. 7d)
denoted that the sampling site was under the inﬂuence of
several possible source regions. The main source areas are
Southern Germany, Northern Italy, Eastern France, Central
Poland, the former Republic of Yugoslavia and Albania. In order
to compare results from the PSCF map for the residual oil
source, EPER (www.eper.cec.eu.int) emissions for Ni-compounds in Europe for 2001 were used. The obtained data
were divided into 2 × 2° grid cells and Ni emissions were
calculated for each grid cell. Fig. 8 shows the emissions for
Europe and from the map it is clear that there are no available
emission data for Eastern Europe. As can be deduced from the
map Spain, Italy, Germany, Holland and Belgium are the
important emitters of the Ni into the atmosphere. The highest
emission source regions do not exactly match the source
regions obtained from the PSCF map however; there is a good
match for Northern Italy and Southern France. This discrepancy

Fig. 8. Emissions of Ni-compounds into the atmosphere in Europe. Derived
from EPER data for 2 × 2° grid cell.
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might be attributed to the applied technique which assumes
that chemical species emitted within a grid cell is swept into the
air parcel and transported to the receptor site without loss due
to atmospheric deposition particularly through wet scavenging.
4. Conclusions
In this study, statistical techniques were successfully
applied to identify sources and source regions of PM10 in
the Eastern Mediterranean atmosphere. Inspection of measured and estimated concentrations using three techniques
(Mass Closure, absolute principal factor analysis and Positive
Matrix Factorization) showed good agreement considering
regression analysis. Amongst the techniques, Mass Closure
was found the least successful since it demonstrated the
highest unknown (scatter as well) and was not able to deﬁne
minor sources such as residual oil. PMF was found more
efﬁcient than APFA since it had the ability to classify
secondary aerosols into three distinct groups (Ammonium
bisulfate, nitrate and biogenic). Results from all applied
techniques highlighted the dominance of natural sources
(sea salt and crustal; 61–63%). Calculations for sulfate
indicated that on average 8% and 12% of its total concentration
are originated from sea salt and biogenic emissions. However,
the contribution from biogenic emissions can reach up to
~ 40% during the summer months.
Potential Source Contribution Function analysis highlighted that the Saharan desert is the main source area for
crustal components. Secondary aerosol components could
only be associated with the south-Eastern Black Sea, whereas,
Southern Germany, Northern Italy, Eastern France, Central
Poland, the former Republic of Yugoslavia and Albania was
identiﬁed as the main source regions for residual oil.
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