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a b s t r a c t

Water-soluble ions (Cl�, NO�
3 , SO

2�
4 , C2O

�
4 , Na

þ, NHþ
4 , K

þ, Mg2þ,Ca2þ), water soluble organic carbon
(WSOC), organic and elemental carbon (OC, EC) and trace metals (Al, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Cd
and Pb) were measured in aerosol PM10 samples above the megacity of Istanbul between November 2007
and June 2009. Source apportionment analysis using Positive Matrix Factorization (PMF) indicates that
approximately 80% of the PM10 is anthropogenic in origin (secondary, refuse incineration, fuel oil and
solid fuel combustion and traffic). Crustal and sea salt account for 10.2 and 7.5% of the observed mass,
respectively. In general, anthropogenic (except secondary) aerosol shows higher concentrations and
contributions in winter. Mean concentration and contribution of crustal source is found to be more
important during the transitional period due to mineral dust transport from North Africa. During the
sampling period, 42 events exceeding the limit value of 50 mg m�3 are identified. A significant percentage
(91%; n ¼ 38) of these exceedances is attributed to anthropogenic sources. Potential Source Contribution
Function analysis highlights that Istanbul is affected from distant sources from Balkans and Western
Europe during winter and from Eastern Europe during summer. On the other hand, Istanbul sources
influence western Black Sea and Eastern Europe during winter and Aegean and Levantine Sea during
summer.

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

During the last two decades, urban air pollution has been
recognized as one of the world’s major environmental issues,
particularly in megacities (Yusuf and Resosudarmo, 2009 and
references therein). Recently, air pollution from megacities has
attracted substantial scientific interest owning to their potential
impact on regional and global climate (Lawrence et al., 2007; Duh
et al., 2008; Favez et al., 2008).

Being one of the largest cities in Europe, Istanbul has demon-
strated an extravagant urban growth since 1970s (Tayanc et al.,
2009). Urbanization continuously increased and Istanbul grew
from a city of 2 million in 1970 to a megacity of 12.5 million in 2007
(TUIK, 2007). Air pollution has emerged as one of the most
important environmental problems in Istanbul owning to growth
in population, use of poor quality fuel, poor quality burning devices,
application of ineffective burning technologies in industry and
insufficient efforts on reducing traffic emissions (Istanbul Air
lopoulos).

All rights reserved.
Quality Strategy, 2009). Local emissions, especially from road traffic
are found to be amajor source of particulate matter (Markakis et al.,
2009) and maximize in winter (Im et al., 2010). Additionally,
contribution of air pollutants via long range transport (mainly from
Eastern Europe) could be as important as local sources (Kindap
et al., 2006; Karaca and Camci, 2010).

One of the main concerns in megacities is atmospheric aerosol
(or particulate matter, PM) since it affects air quality and public
health. PM10 is defined as particles with a diameter smaller than
10 mm. Considering their potential adverse health and environ-
mental impacts, legislation of the PM concentration limits has been
established worldwide. In the European Union, the annual and
daily PM10 limits have been set to 40 mg m�3 and 50 mg m�3 (which
could only be exceeded for 35 days), respectively, while annual
PM2.5 (particles with a diameter smaller than 2.5 mm) value has
been limited to 17 mg m�3 (Directive, 2008/50/EC of the European
Parliament and the Council of 21 May 2008 on ambient air quality
and cleaner Europe). To determine the origin of aerosols in Istanbul,
a source apportionment study has been performed by applying
positive matrix factorization (PMF). Exceedances in PM10 values
have been investigated with respect to origin and chemical
composition. In addition, potential regions affecting Istanbul and
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being affected by Istanbul have been identified by using the
potential source contribution function.
2. Materials and methods

2.1. Aerosol sampling and measurements

Daily aerosol filters were obtained from a site located on the roof
of the Institute of Environmental Sciences of Bo�gaziçi University
(41.09N, 29.05 E, 80mabove sea level, see Fig.1), on thewestern side
of the Bosphorus, Istanbul from November 2007 to June 2009. The
Sea of Marmara, the Black Sea and the Bosphorus channel controls
the general climate of the greater Istanbul region. Usually, Istanbul
has a Mediterranean type of climate and hence it is warm and dry in
summer and cold and wet in winter. This is mainly because of the
difference in airmassflowcoming from theBalkanPeninsula and the
Black Sea (Incecik, 1996). The sampling site is relatively far from
industrial activities, but only a few hundred meters away from the
Bosphorus strait where heavy international shipping and local
passenger ferries are active throughout the year. Furthermore, the
Fatih SultanMehmetBridge,which connects the two sides of the city,
lies only a few hundred meters away from the Institute. Motorway
traffic and the transit ships passing through the Bosphorus strait are
the main anthropogenic aerosol sources in the vicinity of the
sampling site (Theodosi et al., 2010b). The representativeness of the
sampling site for the Greater Istanbul Area has been tested by
Theodosi et al. (2010b). The measured PM10 levels were compared
with those obtained by the Istanbul GreaterMunicipality Air Quality
Network (IGMAQN) at 9 urban and street-canyon stations across
Istanbul (Aksaray, Alibeykoy, Besiktas, Esenler, Kartal, Sariyer,
Umraniye, Uskudar and Yenibosna). This study showed that
measurements at Bo�gaziçi University generally captured not only the
seasonal (slope ¼ 0.97, R2 ¼ 0.77) but also the day-to-day variability
(Theodosi et al., 2010b).

A total of 212 polycarbonate and 113 Quartz filters were
collected. The sampling was carried out unequally therefore,
different number of samples was collected from each month and
season. Samples obtained in winter and summer covered 35% and
45% of the samples whereas; only 20% of the samples were
collected in summer. Using polycarbonate filters, PM10 concentra-
tions were determined gravimetrically, water-soluble ions (Cl�,
NO�

3 , SO
2�
4 , C2O4, Na

þ, NHþ
4 , K

þ, Mg2þ and Ca2þ) were measured by
Fig. 1. Location of sampling site, Bogazici University, Istanbul.
ion chromatography, WSOC (water-soluble organic carbon) was
determined by an organic analyzer (TOC-VCSH, Shimadzu), and trace
metals (Al, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Cd and Pb) were analyzed
by Inductively Coupled Plasma-Mass Spectrometry X-series. Quartz
filters were used to analyze OC and EC with the Thermal-Optical
Transmission (TOT) technique (Birch and Cary,1996), using a Sunset
Laboratory OC/EC Analyzer (for more details on sampling and
measurements see Bardouki et al., 2003; Koulouri et al., 2008 and
Theodosi et al., 2010a). WIOC (water insoluble organic carbon)
values were calculated by subtracting the WSOC from TOC
WIOC ¼ OC � WSOC). Except Cr and V (w8%), blank contributions
were found to be less than 5% for all measured species. Uncer-
tainties for trace metal and remain species were better than 15%
and 10%, respectively.

2.2. Air mass back/forward trajectories

Backward and forward trajectories from and to the Istanbul
sampling site were computed by the HYSPLIT Dispersion Model
(Hybrid Single Particle Langrangian Integrated Trajectory; Draxler
and Hess, 1998) and illustrated by 1-h endpoint locations in
terms of latitude and longitude. The choice of arrival (or starting)
height was based on the boundary layer heights obtained from the
Weather Research and Forecast (WRF 3.1.) mesoscale meteorolog-
ical model (not presented here) that has been driven employing
National Centers for Environmental Prediction (NCEP) reanalyses
data on 1� resolution. As expected, boundary layer showed vari-
ability from one month to another. Boundary layer in winter (for
example, December and January) was found to be as high as 1300m
and it ranged mostly between 700 and 800 m whereas, boundary
layer in transition (for instance, March and April) reached up to
2500 m with values ranging mainly from 800 to 1400 m. Hence,
3-day backward and forward trajectories of air masses at a height of
1000 m were calculated between November 2007 and June 2009.

2.3. Source apportionment by positive matrix factorization

Positive matrix factorization (PMF2 version 4.2, hereinafter
referred to as ‘PMF’) was utilized to characterize sources of PM10
concentration in Istanbul. PMF was developed by Paatero and
Tapper (1994) and described in detail by Paatero (2007). PMF is
a powerful receptor modeling tool, which has been shown to
successfully assess each source contribution to particulate matter
(Paatero and Tapper, 1994; Huang et al., 1999; Lee et al., 1999; Viana
et al., 2008; Koçak et al., 2009). PMF constrains factor loadings and
factor scores to non-negative values. Another advantage of the PMF
is its ability to handle missing data and values below detection
limits by adjusting the corresponding error estimates. 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 ¼ GFþ E (1)

G is the source contribution matrix with extracted sources
(factors) and F is a source profile matrix.

Uncertainties of measured data were assessed as the sum of the
analytical uncertainties and 1/3 of the detection limit value. Values
below the detection limit and missing data were replaced by half of
their detection limit and by their mean values, respectively.
Uncertainties for values below the detection limit were set at 5/6 of
the detection limit whilst uncertainties of the missing data
(particularly OC and EC) were adjusted to four times their mean
concentrations (Polissar et al., 1998). In the concurrent analysis
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a 196 � 24 matrix (196 days and 24 species) was used to identify
aerosol sources. The robust mode of PMF has been applied for
analyzing the dataset. It can avoid excessively large values in the
dataset, which can disproportionally affect the results. The
parameter a is referred to as the outlier distance. Data values lying
more than a standard deviations above or below the fitted value
will be treated as outliers and receive a decreased weight in PMF.
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 PMF the value
a ¼ 4.0, error model-14 and C3 ¼ 0.1 were applied (Lee et al., 1999;
Paatero, 2007). The PMF program allows repetition of the analysis
from random starting points to test if a global minimum solution is
achieved. For this purpose, the analysis was allowed to repeat ten
times from ten pseudo-random starting points and the Q values
were not very different from each other. PMFwas runwith different
Fpeak values to explore the rotational freedom after identifying the
number of factors. A rotational matrix (Rotmat) in PMF is utilized to
reveal if factors have 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 0.2.

Although, there is no mathematical criterion to identify the
correct number of species, theoretical Q
[Qexpected ¼ nm � p(n þ m)] and scaled species residuals can be
helpful. Seven factors were identified by PMFwith a Q value of 4507
(Qexpected ¼ 3164 for seven factors) and scaled residuals were
found to be randomly distributed between �2 and 2. The decrease
in the number of factors resulted in a combination of distinct
sources (and higher Q value). For example, six factors were not able
to characterize the secondary (Factor-1) aerosol group with
a maximum in summer. On the contrary, the increase in the
number of factors caused the dissociation of secondary aerosol
(particularly sulfate and ammonium) (Factor-1) into two different
sources.
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Fig. 2. Comparison of observed daily levels and predicted form PMF for PM10.
2.4. Potential source contribution function (PSCF) and potential
impact (PI)

A 2� longitude � 2� latitude grid has been superimposed over
the region defined by 20� N-76�N and 20� W-50� E. The residence
time and special residence time analysis thenwere calculated using
the formula given by Ashbaugh et al. (1985):

P
�
Aij

� ¼ nij

N
(2)

P
�
Bij

� ¼ mij

N
(3)

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 (back trajectories) when the aerosol species concen-
tration is higher than the threshold values, N is the total number of
endpoints computed for the time interval, 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 (PSCF) were evaluated by dividing P[Bij]
with P[Aij].

A similar approach was adopted to determine potential impact
(PI) of Istanbul on surrounding regions applying forward trajecto-
ries and Eqs. (2) and (3), 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 leave from the receptor site (forward trajecto-
ries) when the aerosol species concentration is higher than the
threshold values and N being the total number of endpoints
computed.

The study domain covers area between 20� N-76�N and 20�

W-50� E therefore it consists of 980 cells 2 � 2� in latitude and
longitude. The total number of trajectory endpoints located in the
grid is found to be 11878 with an average value of 12 endpoints per
cell. For each defined sources, approximately 40 daily trajectories
out of 196 arriving at (or leaving from) Istanbul were used to
evaluate PSCF (or PI) which accounted for around 20% of the total
trajectories. It is likely that a small number of end points in a grid
cell may result in high potential probabilities. In order to reduce the
effect of small values of nij, the PSCF and PI values were down
weighted using an arbitrary weighting function. An arbitrary
weighting functionwas applied when the number of the end points
in a particular cell was less than three times the average number of
end points for all cells (Polissar et al., 2001; Kim and Hopke, 2006).
Thus, the weighting functions were assigned as follows:

Wij ¼

8>>>><
>>>>:

1:0 36 < nij
0:8 27 < nij � 36
0:6 18 < nij � 27
0:4 9 < nij � 18
0:2 nij � 9

(4)

3. Results and discussion

3.1. PMF2 source apportionment for PM10

Seven factors have been identified using PMF2 for PM10 samples
collected at Istanbul. A comparison between daily reconstructed
PM10 mass contributions from all factors versus measured PM10
values showed that extracted factors successfully mimic the
measured PM10 levels (slope¼ 1.01; intercept¼ 0.72 and R2 ¼ 0.98;
Fig. 2). The intercept is found to be 0.72 and the unknown fraction
accounts only for 2% of the PM10. The defined seven factors explain
98% of the PM10 mass and are depicted in Fig. 3.



Fig. 3. Source profiles for PM10 from PMF.
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The first two factors (Fig. 3a, b) are mainly characterized by NHþ
4 ,

SO2�
4 , C2O4 and WSOC. However, these two factors show distinct

difference in their source profiles. First, the calculated equivalent
ratios of NHþ

4 and SO2�
4 are found to be 0.42 and 1.02 for factors 1

and 2, respectively. These ratios imply that sulfate is not sufficiently
neutralized by ammonium in the first factor while completely
neutralized [(NH4)2SO4] in the second factor. In addition, the second
factor is associated with Kþ (EVw 0.25) and Zn (EVe0.4), which can
be attributed to refuse incineration (Morishita et al., 2006; Lim et al.,
2010). On the other hand, an examination of the factor contribution
plots (see Fig. 4b, c) reveals a summer maximum for the first factor
contrasting the winter maximum of the second one. Therefore,
considering the summer peak and the source profile, the first factor
could be attributed to secondary aerosol formation due to increased
photochemical activity. The second factormight be characterized as
refuse incineration (e.g. municipal) since it shows winter maxima
and have loadings of Kþ and Zn. First and second factors explain 19.7
and 12.8% of the PM10 mass, respectively.

The third factor (Fig. 3c) is primarily composed by Cd, Pb and
mixed with Cl�, Kþ, NO�

3 and trace elements (such as Zn, Cu, Cr, Mn,
Fe and Ca). Previous studies have shown emissions of Cl� and NO�

3
originating from motor vehicles (Raman and Hopke, 2007; Lim
et al., 2010) and Zn from tires/brakes and lubricating oil mixed
with gasoline for two-stroke engines of motorcycles (Begum et al.,
2004; Hien et al., 2005). This source also has contributions from Ca,
Fe andMnwhich aremostly attributed to road dust (Lee et al., 1999;
Morishita et al., 2006). Thus it might be attributed to traffic and
accounts for 18.9% of the measured PM10.

The fourth factor (Fig. 3d) is mainly characterized by Ni, V, Cu
and mixed with Fe, Mn, Cd, Pb, Cr. Based on these elements the
assigned source is fuel oil and represents 15.0% of the PM10
concentration (Koçak et al., 2009).
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Fig. 4. Daily variability of the PM10 and each source.

Table 1
Seasonal variations in PM10 and aerosol sources (mg m�3) observed in Istanbul.

Species Winter Transition Summer

PM10 44.5 39.1 29.8
Contributions from each source (%)
Secondary 3.2 (7.2%) 9.5 (24.3%) 11.4 (38.1%)
Refuse Incineration 7.9 (17.8%) 3.9 (10.0%) 2.6 (8.7%)
Traffic 12.7 (28.5%) 6.3 (16.1%) 1.2 (3.9%)
Fuel Oil 5.4 (12.2%) 7.3 (18.7%) 3.4 (11.4%)
Solid Fuel 8.4 (18.8%) 3.9 (10.1%) 3.7 (12.6%)
Crustal 2.2 (4.9%) 6.5 (16.6%) 1.2 (3.9%)
Sea Salt 1.8 (4.1%) 2.9 (7.5%) 4.9 (16.4%)
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The fifth factor (Fig. 3e) predominantly consists of WIOC, OC, EC
and mixed with a small amount of trace elements, nitrate, sodium
and chlorine. Favez et al. (2008) have shown that WIOC originates
mainly from fossil fuel primary source in winter. Consequently, this
factor could be attributed to primary emissions from burning
processes (solid fuel burning; e.g. wood). Its contribution to PM10 is
found to be 13.8%.

The sixth factor (Fig. 3f) principally consists of Ti, Al, Ca, Fe, Mn,
and Cr. For this factor, Fe/Al (¼6.2 � 10�1) and Ti/Al (¼5.3 � 10�2)
ratios are found to be higher than those for upper crust (Wedepohl,
1995; Fe/Al ¼ 4.0 � 10�1 and 4.0 � 10�2) whereas close to Saharan
end member (Andreae et al., 2002; Fe/Al ¼ 6.3 � 10�1 and
5.7 � 10�2). Therefore this factor could be characterized as crustal
material and elucidates 10.2% of the PM10.

The seventh factor (Fig. 3g) mainly consists of Naþ, Cl� and Kþ. It
might be attributed to aged sea salt as it has a lower Cl/Na ratio than
that observed in pure seawater and associated with nss� SO2�

4 ,
NO�

3 , C2O4 and WSOC. This source explains 7.8% of the observed
PM10.

3.2. Temporal variability of PM10 and aerosol sources

For the period between November 2007 and June 2009 the daily
variations of the concentrations and seasonal mean values for PM10

as well as aerosol sources contributions are depicted in Fig. 4 and
Table 1, respectively. The PM10 concentrations and aerosol sources
showed substantial daily variability in agreement with previous
studies carried out in the Mediterranean region (Rodriguez et al.,
2002; Gerasopoulos et al., 2006; Koçak et al., 2007a, b). The sea-
sonality of PM10 and the determined aerosol sources in Istanbul are
tested statistically by applying the Wilcoxon test at the 95% confi-
dence interval. As stated before (see Section 2.1), usually Istanbul
has a Mediterranean type climate. Its climate is characterized by
mild, humid winters and dry summer. Winter months are domi-
nated by rainfall whereas the months are characterized by the lack
of wet precipitation. The transition seasons, spring and autumn are
of very different lengths. The relatively long spring season
(MarcheMay) is characterized by unsettled winter type weather,
associated with North African cyclones. Autumn usually lasts one
month (October) and is characterized by an abrupt change from the
summer to the unsettled weather of winter (Brody and Nestor,
1980). Hence, considering features described above, the annual
period are defined by three seasons: Winter (January, February,
November and December), Transitional (March, April, May and
October) and Summer (June, July, August and September). The
following general observations may be made:

a) PM10 levels exhibit no statistical significant difference between
winter (mean ¼ 44.5 mg m�3) and transitional period
(mean ¼ 41.7.6 mg m�3) whilst they are found to be lowest in
summer (mean ¼ 28.6 mg m�3; see Fig. 4a and Table 1).
Enhanced concentrations of PM10 during winter and summer
are associated predominantly with intense pollution and to
a lesser extent with mixed and/or sporadic peaks of mineral
dust events (for more details see Section 3.3).

b) Traffic, solid fuel and refuse incineration sources were found to
be higher inwinter than the other seasons, accounting for 28.5,
18.8 and 17.8% of PM10 mass, respectively, in winter. High



PM10 (129 µg m-3)
Unknown (5.4 %)

Sea Salt (0.8 %)
Crustal (43.3 %)
Solid Fuel (4.5 %)

Fuel Oil (11.8 %)

Traffic (7.4 %)

Refuse Incineration (26.4 %)

Secondary (0.3 %)

Fig. 5. Source apportionment for PM10 during pollution event on 13th of January 2008.
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pressure systems, temperature inversions and low wind speed
occurring during winter can explain the appearance of the
winter maxima, in agreement with the observations of Incecik
(1996).

c) The crustal source shows statistically significant decreasing
concentration in the order of Transition > Winter > Summer.
The highest contribution to PM10 is found to be w17% during
spring when air mass trajectories originatedmainly fromNorth
Africa with sporadic peaks of mineral dust (Alpert and Ziv,
1989; Kubilay and Saydam, 1995; Moulin et al., 1998; Kubilay
et al., 2000, 2005; Koçak et al., 2004a).

d) As expected, the mean concentrations of secondary aerosol
source are found to be larger in summer and transitional than in
winter, the difference being statistically significant (at 95%
confidence interval). Although, there is no statistical difference
between summer and transitional period, secondary aerosol
contribution gradually increases fromwinter to summer due to
enhanced photochemistry which favors gas to particle conver-
sion processes in the area (Mihalopoulos et al., 2007; Koçak
et al., 2004b). Its contribution to PM10 is found to be 1.6 and
5.3 times higher in summer (38.1%) than during transition
(24.3%) and winter (7.2%) periods, respectively. Similarly, sea
salt source demonstrates highest mean concentration in
summer (statistically significant at 95% confidence interval) and
may be attributed to prevailing north-western winds from
Black Sea (Theodosi et al., 2010b). Sea salt contribution in
summer (16.4%) is two to four times higher than during tran-
sitional (7.5%) and winter (4.1%) periods, respectively.
PM10 (107 µg m-3)
Unknown (11.2 %)

Sea Salt (0.8 %)

Crustal (43.3 %)

Solid Fuel (4.5 %)
Fuel Oil (11.8 %)
Traffic (7.4 %)
Refuse Incineration (2.6 %)

Secondary (18.4 %)

Fig. 6. Source apportionment for PM10 during mixed event on 12th April 2008.
3.3. PM10 exceedances at Istanbul

A number of studies have focused on the origin of the exceed-
ances in PM10 in the Mediterranean (Artinano et al., 2001;
Rodriguez et al., 2002; Koçak et al., 2007a). These studies have
indicated that exceedances of PM10 might also originate from
natural sources such as African dust and sea salt. However, natural
events have less impact on PM10 exceedances at urban and indus-
trialized sites compared to rural sites.

Fig. 4 depicts time series plots of the measured PM10 and the
estimated daily contributions for each of the identified sources.
Obtained sources from PMF analysis (see Section 3.1) are used to
identify and classify the origin (natural and anthropogenic) of the
exceedances. Secondary, refuse incineration, traffic, fuel oil and
solid fuel are considered as anthropogenic sources, whereas crustal
dust and sea salt as natural sources. During the sampling period 42
events (e21% of the samples) are found to exceed the legislative PM10
value established by the EU. From these exceedances, 38 events
(e91%) were characterized as anthropogenic in origin, 3 events (e7%)
as mixed and 1 event is attributed to a dust event.

a) Anthropogenic (n ¼ 38): During these events anthropogenic
sources contribute from 36 to 124 mg m�3 to the PM10 mass
concentration, i.e from 72% to almost 300% of the EU PM10 daily
limit value. A characteristic period with an intense anthropo-
genic influence is from 12th to 17th of January 2008. During
this period PM10 values were higher than 90 mg m�3 with
a maximum value of 129 mg m�3 on 13th of January. Source
apportionment for January 13th (Fig. 5) shows that anthropo-
genic sources account for about 90% of the observed PM10, with
natural sources contributing only by 3%. Additionally, Im et al.
(2010) clearly demonstrated that the episodic period was
dominated by anthropogenic sources.

b) Mixed events (n ¼ 3): For three of the observed PM10 exceed-
ances, anthropogenic and natural sources are found to
contribute almost equally. A typical case of mixed event
occurred on the 12th of April 2008 with PM10 concentration of
(e107 mg m�3). Source apportionment analysis (Fig. 6) indicated
that dust contribution accounts for 43% of PM10 which
increases to 44% by adding sea salt. Similarly, anthropogenic
sources are found to contribute about 44%. Thus mixing of
aerosols from natural and anthropogenic sources is the origin
of this PM10 exceedance.

c) Dust event (n ¼ 1): During the whole sampling period only one
PM10 exceedance is attributed to a dust event (the 13th of April
2008 with PM10 of 87 mg m�3). It is likely that discontinuous
sampling strategy results in missing of heavy or strong dust
storms due to its episodic nature. Back trajectory analysis at
1000 and 3000 m levels (Fig. 7a) shows that air masses
reaching Istanbul originate from the North Africa (particularly
from Libyan Desert). The Ozone Mapping Instrument (OMI)
image demonstrates a strong mineral dust episode mainly over
the Libyan Desert and the Eastern Mediterranean region. The
Sahara origin is also verified by the chemical composition of
the PM10 (Fig. 7b). The source apportionment shows that 57% of
the observed PM10 originates from mineral dust. Pollution
sources account for 41% of PM10 whereas sea salt mass
contributes only by 1%.



Fig. 7. Saharan dust transport observed on 13th of April 2008: (a) The three-day back
trajectories showing the transport of air masses to the sampling site and OMI
Absorbing Aerosol Index. (b) Source apportionment for PM10 during Saharan dust
events for the 13th of April 2008.

Fig. 8. Distribution of PSCF values for crustal source. X: Sampling site (Istanbul). L: A:
Algeria, Libya and T: Tunisia.
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3.4. PSCF and PI analysis for PM10 above Istanbul

Synoptic meteorology, as well as local circulations due to the
complex topography of the area, plays an important role in the
seasonal transport paths of secondary pollutants (Im et al., 2006,
2008). Black Sea on north and Marmara Sea on south of the city
produce a differential heating of surfaces, leading to local circula-
tions that have different diurnal characteristics. In the summer
months, the Persian Gulf low pressure system that extends from the
southeast of Turkey leads to dominant northeasterly winds that
transport air masses from Eastern Europe. Summermonths are also
influenced by the subtropical Azores high. Typical summer-time
trajectories are originated from Balkans and northeastern Europe
whereas winter-time trajectories are either originated from Genoa
Gulf that moves to the northeast affecting Istanbul and Black Sea, or
fromwestern andmiddle Mediterranean, including Genoa Gulf and
north of Sahara Desert that affects Turkey (Karaca et al., 2000).

3.4.1. PSCF for PM10 above Istanbul
To investigate the potential aerosol source regions influencing

Istanbul but also the impact of Istanbul to the neighboring regions,
potential source function is applied (see Section 2.4). To simplify
our analysis, sources showing winter maximum are combined into
one group. This group, referred below as Pollution-1, comprises
refuse incineration, traffic, fuel oil and solid fuel. In addition,
secondary aerosol (Pollution-2) and crustal sources (Crustal) are
also considered since the former shows summer maxima and the
latter during the transitional period.

a) Crustal Source: The PSCF map for crustal source (Fig. 8) showed
that the potential sources are located at North Africa in agree-
ment with previous works (Engelstaedter and Washington,
2007; Koçak et al., 2009). From Fig. 8, Libya, Algeria and
Tunisia can be considered as themost important source areas of
mineral dust transported to Istanbul.

b) PSCF for Pollution-1 and Pollution-2: The PSCF map derived for
the Pollution-1 source (see Fig. 9a) denotes that Istanbul is
under the influence of several possible source regions. The
main source areas are Balkans (including the former Republic
of Yugoslavia, Albania, Bosnia, Croatia, Bulgaria and Greece),
Austria, Southern Germany, Italy (Central and southeastern)
and Central Poland in agreement with the observations of
Karaca et al. (2009). These potential sources are also verified by
emission data provided by Visschedijk et al. (2007), where the
aforementioned countries were identified as hot spots for
particulate matter and pollution indicators such as carbon
monoxide.

The PSCF map for secondary aerosol source evaluated for
Istanbul is shown in Fig. 9b. Ukraine, Poland, Belarus, Moldova,
Slovakia, Hungary, Croatia, Bosnia, Albania, Romania, Bulgaria, and
South Italy are identified as among the most important contrib-
uting countries for the secondary aerosol source above Istanbul.
These potential source regions of secondary aerosol are in agree-
ment with previous findings of Sciare et al. (2003) who reported
that measured SO2 and nss� SO2�

4 at a remote location in the
eastern Mediterranean (Finokalia, Crete) predominantly originated
from Central Europe, Hungary, Romania and Bulgaria. Besides,
model study of Schaap et al. (2004) demonstrated the occurrence of
the highest concentrations of secondary inorganic aerosol over the
area between 47�N and 54�N. In the case of sulfate higher
concentrations were observed over the Balkans, Germany, Poland
and southeastern Europe, in agreement with emissions from EMEP
for 2007. It is worth mentioning that local sources such as traffic
(Markakis et al., 2009) are likely to contribute on observed
pollutants in PM10. In Turkey, about 33% of the power generation is
obtained by fossil fuel (Bagdadioglu and Necmi Odyakmaz, 2009).
Hence, particulate matter from these power plants might be sug-
gested as another contributor from region itself.

3.4.2. PI of Istanbul on surrounding regions
Potential Impact map for pollution-1 is presented in Fig. 9c. As

can be deduced from Fig. 9c the most likely areas to be affected by



Fig. 9. Distribution of PSCF and PI (potential impact) values for pollution. (a) PSCP for Pollution-1 in winter, (b) PSCP for Pollution-2 in summer, (c) PI for Pollution-1 in summer and
(d) PI for Pollution-2 in summer. X: Sampling site (Istanbul), A: Austria, B: Balkans, Bl: Belarus, E: Egypt, G: Germany, I: Italy, L: Libya, U: Ukraine, R: Russia and SL: Southern
Levantine Basin.
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emissions from Istanbul in winter are located between 42� and
58�N and 22�Ee36�E. This area covers patches of the western Black
Sea, Bulgaria, Romania, Moldova, Ukraine and Belarus. In addition,
a small area over Southeastern Levantine Basin could be also
affected by emissions from Istanbul. Whilst, PI map for pollution-2
(Fig. 9d) suggests that an area between 20� and 32�N and
18�Ee30�E (Fig. 9d) covering the Aegean and Levantine Sea, Greece,
coastal sites of Libya and southeastern Egypt is under the potential
influence of secondary particles originating from Istanbul. Various
studies have shown that the atmosphere over the Aegean Sea in
summer is mainly affected by the northern part of the Black Sea and
Istanbul (Zerefos et al., 2000; Rappengluck et al., 2003; Sciare et al.,
2003). Furthermore, above findings agree with results obtained by
Lawrence et al. (2007). These authors studied regional pollution
potentials of megacities and other major population centers using
the 3-D global model MATCH (Model of Atmospheric Transport and
Chemistry). Their results demonstrated that Istanbul has an
outflow into the north during winter and an outflow mainly
towards the south during summer.

4. Conclusions

Seven factors (secondary, refuse incineration, traffic, fuel oil,
solid fuel, crustal and sea salt) are extracted applying PMF2 on PM10
samples collected in the megacity of Istanbul. The identified sour-
ces explain 98% of the total PM10 mass. In general, refuse inciner-
ation, solid fuel and traffic sources make larger contributions in
winter than in summer and the transitional periods, accounting,
respectively, for 17.8, 18.8 and 28.5% of PM10 in winter. The crustal
source shows statistically significant decreasing trend in the order
of Transitional > Winter > Summer, with the highest contribution
in transitional period (e17%). Secondary aerosol source mean
concentration is found to maximize in summer. Its contribution to
PM10 is 1.6 and 5.3 times higher in summer (38.1%) than in tran-
sition (24.3%) and in winter (7.2%) periods.

During the sampling period, 42 events exceeded the limit value
of 50 mg m�3. Source apportionment analyses denotes that PM10
exceedances are mainly due to anthropogenic sources (91%) and
only 1% to natural ones. The remaining 8% has mixed origin.

Potential Source Contribution Function analysis highlights that
trans-boundary aerosol transport actively takes place over a large
area covering Europe, Eurasia and North Africa. Istanbul is affected
mainly by Balkans and Western Europe then it delivers atmo-
spheric particles over a large area including the western Black Sea,
Bulgaria, Romania, Moldova, Ukraine and Belarus in winter. In
summer, it receives secondary aerosol primarily from Eastern
European countries which delivers into the atmosphere over the
Aegean and Levantine Sea. Thus Istanbul emissions and regional
meteorology may play an important role circulating the particles
originating from itself and distant sources in this region.
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