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a b s t r a c t

Bulk aerosol samples were collected from three different coastal rural sites located around the Eastern
Mediterranean, (i) Erdemli (ER), Turkey, (ii) Heraklion (HR), Crete, Greece, and (iii) Tel Shikmona (TS),
Israel, during two distinct mineral dust periods (October, 2007 and April, 2008) in order to explore the
temporal and geographical variability in the aerosol chemical composition. Samples were analyzed for
trace elements (Al, Fe, Mn, Ca, Cr, Zn, Cu, V, Ni, Cd, Pb) and water-soluble ions (Cl�, NO3

�, SO4
2�, C2O4

2�,
Naþ, NH4

þ, Kþ, Mg2þ and Ca2þ). The dust events were categorized on the basis of Al concentrations
>1000 ng m�3, SKIRON dust forecast model and 3-day back trajectories into three groups namely, Middle
East, Mixed and Saharan desert. ER and TS were substantially affected by dust events originating from the
Middle East, particularly in October, whilst HR was not influenced by dust transport from the Middle
East. Higher AOT values were particularly associated with higher Al concentrations. Contrary to the
highest Al concentration: 6300 ng m�3, TS showed relatively lower AI and AOT. Al concentrations at ER
were similar for October and April, whilst OMI-AI and AOT values were w2 times higher in April. This
might be attributed to the weak sensitivity of the TOMS instrument to absorbing aerosols near the
ground and optical difference between Middle East and Saharan desert dusts. The lowest enhancement
of anthropogenic aerosol species was observed at HR during dust events (nssSO4

2�/nssCa2þ w 0.13). These
species were particularly enhanced when mineral dust arrived at sites after passing through populated
and industrialized urban areas.

� 2012 Published by Elsevier Ltd.
1. Introduction

The global radiative forcing due to atmospheric particles is
approximately 1.2 W m�2, nearly half of the mean global radiative
forcing of 2.63 � 0.26 W m�2 as a result of greenhouse gases (IPCC,
2007). A large range of uncertainty has been reported by the IPCC
for aerosol forcing estimates due to the poor state of knowledge
regarding the sources, distribution and properties of atmospheric
aerosols. Radiative properties of mineral dust particles are varied,
causing either a warming or cooling depending on their concen-
tration, vertical distribution in the atmospheric column, particle
mnimmo@plymouth.ac.uk
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size and mineralogy as well as the albedo and temperature of the
underlying surface (Arimoto, 2001; Harrison et al., 2001; Satheesh
and Moorthy, 2005).

Mean Aerosol Index (AI) values determined by TOMS (Prospero
et al., 2002;Washington et al., 2003) have illustrated the key source
regions of mineral dust and the dominance of the Saharan desert.
The chemical composition of mineral dust originating from various
desert regions (namely, Saharan, Arabian and Chinese) are rela-
tively similar, consisting of approximately 55e60% SiO2 and
10e15% Al2O3 whilst other oxides (such as Fe2O3, CaO, MgO, Na2O
and K2O) are slightly more varied being dependent on source
location (Goudie and Midddleton, 2001; Usher et al., 2003a, b;
Krueger et al., 2004). However, the mineralogy of dust particles is
highly variable and reflects the source region. For instance, dust
particles originating from the Libyan, Ahaggar-Massif and Chad
deserts are characterized by high concentrations of illite (87%)

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:mnimmo@plymouth.ac.uk
mailto:mnimmo@plymouth.ac.uk
www.sciencedirect.com/science/journal/13522310
www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2012.04.006
http://dx.doi.org/10.1016/j.atmosenv.2012.04.006
http://dx.doi.org/10.1016/j.atmosenv.2012.04.006


Fig. 1. Locations of the sampling sites and classification of 3-day back trajectories
arriving at ER, HR and TS. Airflow sectors are presented as R1 (Saharan), R2 (Western
Europe), R3 (Eastern Europe), R4 (the Middle East), R5 (Mediterranean Sea) and R6
(Turkey).
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while dust particles from the Libyan, Tibesti, Egyptian, Sinai and
Negev deserts are characterized by high concentrations of mont-
morillonite (55%) and kaolinite (30%). The Mediterranean atmo-
sphere is impacted by different pollutant sources via long range
transport and its boundary layer is loaded with pollutants emitted
from Western and Eastern Europe (Lelieveld et al., 2002). In addi-
tion the Mediterranean is bordered on its southern and eastern
shores by arid belts that extend from the west coast of North Africa
over to the Middle East. A number of studies have been carried out
to identify the aerosol chemical composition (e.g. Kubilay and
Saydam, 1995; Querol et al., 2004), the influence of dust events
on aerosol composition (e.g. Kubilay et al., 2000; Viana et al., 2002)
and mineral dust source regions impacting on aerosol levels in the
Mediterranean (e.g. Rodriguez et al., 2001; Escudero et al., 2006).
Long range transport of dust from North Africa to the eastern
Mediterranean occurs predominantly during the spring and is
commonly associated with the eastward passage of a frontal low
pressure system, whilst dust from sources in the Middle East is
more typically transported to the Eastern Mediterranean in the
autumn (Kubilay et al., 2000). In contrast, transport from North
Africa to the western and central Mediterranean occurs mainly
during the summer (Moulin et al., 1998; Escudero et al., 2006).

Ground based lidar/sun photometer and remote sensing obser-
vations have also been applied in order to monitor the vertical
aerosol structure and properties in the atmosphere over the
Mediterranean region (Dulac and Chazette, 2003; Kubilay et al.,
2003; Gobbi et al., 2004; Papadimas et al., 2009). The vertical
structure of the Mediterranean lower troposphere is complex, with
several turbid layers from the surface up to the clean free tropo-
sphere. Saharan dust is found between planetary boundary layer
aerosols (1.5 km) and cirrus clouds (6 km; Gobbi et al., 2004).
Aerosol optical thickness (AOT) and aerosol radiative forcing are
among the highest in the world over the Mediterranean region
(Kubilay et al., 2003; Barnaba and Gobbi, 2004; Vrekoussis et al.,
2005; Papadimas et al., 2009). This is illustrated by the variability
in AOT values, with a minimum being observed during winter
(below 0.15) and a maximum being observed during summer
(above 0.2). Dust distribution in the Mediterranean atmosphere
exhibits a South to North gradient, with a spring maximum in the
Eastern/Central Mediterranean (AOT, March, April, May period,
dust>0.45; Barnaba and Gobbi, 2004).

Thus the Mediterranean is a unique natural laboratory in which
to explore the chemical and physical properties of contrasting
aerosol populations. In order to explore the temporal and
geographical variability in their chemical and physical properties,
aerosols in the Eastern Mediterranean atmosphere were simulta-
neously collected from three coastal rural sites during two distinct
dust periods; October 2007 and April 2008. The influence of two
distinct dust source areas (Saharan and the Middle East) on the
aerosol chemical composition of aerosols above the Mediterranean
has been assessed, for the first time, by applying a combination of
>1000 ng m�3 Al threshold, the SKIRON dust forecast model, back
trajectories, AOT and AI (Kubilay et al., 2003, 2005; Barnaba and
Gobbi, 2004; Koçak et al., 2004).

2. Methodology

Bulk aerosol samples were collected from three different coastal
rural sites located around the Eastern Mediterranean (Fig. 1), (i)
Erdemli, Turkey (ER, 36�3305400N and 34�1501800E), (ii) Heraklion,
Crete, Greece (HR, 35�1802900N and 25�0404800E) and (iii) Tel Shik-
mona, Israel (TS, 32�4903400N and 34�5702400E). The ER sampling site
(IMS-METU, 22 m above sea level and 10 m away from the sea) is
surrounded by cultivated land and greenhouses. The city of Mersin
is located 45 km to the east of the sampling site with w800,000
inhabitants. Soda, chromium, fertilizer producing industries and
a thermic power plant are located 45 km to the east of the sampling
site. The HR sampling site (Voutes campus, UoC, 20m above ground
level, 96 m above sea level and 3.3 km from sea) is surrounded by
semi-arid agricultural land. The nearest city is Heraklion located
6 km northeast of the site with a population of 250,000. Industry is
not developed in the region, although a power plant is located 6 km
north-west of the site. The TS sampling site (22 m above sea level
on the roof of the National Institute of Oceanography partly built
within the sea) is surrounded by the Shikmonamarine reserve. East
of the sampling site extends the city of Haifa with 250,000 inhab-
itants. The city’s industrial zone is located 10 km northeast of the
sampling site behind Carmel mountain.

The sampling campaigns were carried out during two distinct
dust periods; from 7th to 31st October 2007 and from 1st to 30th
April 2008. A total of 142 aerosol samples (ER ¼ 54, HR ¼ 48 and
TS¼ 40) were collected using high volume samplers with flow rates
of typically 1 m3 min�1 on Whatman-41 cellulose fiber filters
(20 cm � 25 cm). Mean observational coverage of the sampling
period were 89% (% ¼ 54/61 �100), 79% (% ¼ 48/61 �100) and 66%
(% ¼ 40/61 � 100) at ER, HR and TS respectively. Aerosol samples
and blanks obtained from the three sites underwent a total acid
digestion (for more details see Seguret et al., 2011). After total
dissolution, samples were analyzed for trace elements by Induc-
tively Coupled Plasma Optical Emission Spectroscopy (ICP-OES: Al,
Fe, Mn, Ca) and Inductively Coupled Plasma Mass Spectroscopy
(ICP-MS: Cr, Zn, Cu, V, Ni, Cd, Pb). The percentage recoveries from
certified reference materials (MESS-3, NIST 1648, Estuarine Sedi-
ment 1646a, Coal Fly Ash 1633a) for trace elements were >85%,
with blank contributions <10% (for details see Seguret et al., 2011).
Water-soluble ions (Cl�, NO3

�, SO4
2�, C2O4

2�, Naþ, NH4
þ, Kþ, Mg2þ and

Ca2þ) were measured by ion chromatography (Bardouki et al.,
2003). Blank contributions were <5% for all ions. The non-sea salt
fractions of SO4

2� and Ca2þ were calculated from the Naþ concen-
tration and the standard sea water composition (Turekian, 1976)
assuming that the sea salt tracer (Naþ) has a pure marine origin.
Anthropogenic (Xant ¼ Xtotal � [(CR)Aerosol � (CX/CR)Reference]) frac-
tions of trace elements were estimated from Al and the Saharan
end-member composition (for details see Koçak et al., 2007a, b).

Three-day backward trajectories arriving at 1 km above sea level
were computed by the HYSPLIT Dispersion Model for each of the
sampling sites (HybridSingle Particle Langrangian Integrated
Trajectory; Draxler and Rolph, 2003) and illustrated by 1-h
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endpoint locations in terms of latitude and longitude. The SKIRON
dust forecasting system (Nickovic et al., 2001), the aerosol optical
thickness, fine fraction (MODIS; Moderate Resolution Imaging
Spectrometer) and aerosol index (AI, OMI; Ozone Monitoring
Instrument) were also applied to assess mineral dust transport
from desert regions (Herman et al., 1997; Torres et al., 2002;
Barnaba and Gobbi, 2004; Kubilay et al., 2003, 2005) and to explore
the effect of mineral dust particles on the physical properties of the
collected aerosols.

Concentration diagrams (logelog) together with coefficient of
divergence, were applied to investigate the similarity between pairs
of sampling sites (Wongphatarakul et al., 1998; Zhang and
Friedlander, 2000). The logelog diagrams were utilized due to
large concentration ranges for aerosol species. The diagonal line
represents the hypothetical case where concentrations from each
site are equal anddivides the concentrationdiagram into two regions
namely, enhanced (above the line) anddepleted (below the line). The
coefficient of divergence (CD) has been used as a self-normalizing
parameter and applied to compare datasets from two different
sites (Wongphatarakul et al., 1998; Zhang and Friedlander, 2000). In
addition, the t-test was used to define statistical differences for each
species from all sites after logarithmic transformation.

3. Results and discussion

3.1. Airflow characterization for October 2007 and April 2008

Airflow climatology has been documented by previous studies
for each of the three sites (Mihalopoulos et al., 1997; Koçak et al.,
2004, 2005). Back trajectories arriving at ER and TS have, in the
past, been divided into six source regions (Koçak et al., 2005). For
the current study (see Fig. 1), a similar approach was applied which
included the regions R1 (Saharan), R2 (Western Europe), R3
(Eastern Europe), R4 (the Middle East), R5 (Mediterranean Sea) and
R6 (Turkey). A summary of the airflow characteristics for each of
the three sites expressed as the % influence of airflow from each of
the defined six sectors at a 1 km altitude, based on daily air mass
back trajectories during October and April, are presented in Table 1.
The following general observations can be made:

a) All sites are considerably influenced by Saharan (R1) airflow,
especially in April. The % influence of Saharan airflow (R1) in
April increases 1.4e2.2 times at the three sites compared with
October.

b) ER and TS are substantially affected by airflow from the Middle
East (R4), particularly in October, and the airflow from this
region exhibits a dramatic decrease (w3 times) at ER and TS
from October to April. In contrast, HR is not influenced by
Table 1
Summary of airflow characteristics (given as % frequency) at (a) Erdemli (ER), (b)
Heraklion (HR) and (c) Tel Shikmona (TS) for six air mass sectors at a 1 km altitude
for October 2007 and April 2008.

Altitude
(1 km)

R1
(SAH)

R2
(WE)

R3
(EE)

R4
(ME)

R5
(MS)

R6
(TUR)

(a) ER
October 16.7 12.5 20.8 29.2 4.2 16.6
April 36.6 30.0 6.7 10.0 10.0 6.7

(b) HR
October 40.0 36.0 16.0 e 4.0 4.0
April 54.5 40.9 e e 4.6 e

(c) TS
October 22.7 13.7 4.5 18.2 18.2 22.7
April 50.0 27.8 e 5.6 5.6 11.0

Airflow sectors are presented as R1 (SAH, Saharan), R2 (WE, Western Europe), R3
(EE, Eastern Europe), R4 (ME, the Middle East), R5 (MS, Mediterranean Sea) and R6
(TUR, Turkey).
airflow from the Middle East during either of these two
periods.

c) The % influence of airflow derived from Western Europe
exhibits a substantial increase (w2 times) at ER and TS from
October to April, whereas the influence of this airflow at HR
shows a slight enhancement (1.1 times).

d) The % influence of Eastern Europe (R3) airflow is significant at
ER and HR in October. A notable decrease is observed at ER by
a factor of 3 from October to April whereas no influence for this
airflow is apparent at HR during April. TS is only slightly
influenced by airflow from Eastern Europe in October.

e) The influence of airflow from Turkey (R6) is relatively minor at
HR (4%) whereas it influences ER (17%) and TS (23%) to a larger
extent in October. The percentage influence of Mediterranean
(R5) airflow remains relatively steady throughout the sampling
periods at HR. Its influence at ER increases from October to
April whilst the influence of Mediterranean airflow is opposite
to that at TS.
3.2. Comparison of aerosol chemical composition in the Eastern
Mediterranean

The concentration figures, together with the t-test (applied to
log-transformed dataset), were used to investigate the similarities
in aerosol composition between pairs of sampling sites in the
Eastern Mediterranean. Fig. 2 presents the concentrations of
elemental species in the collected aerosol samples obtained during
October 2007 and April 2008 while Fig. 3 shows the elemental
concentration diagrams between pairs of sites.
Fig. 2. Concentrations of elemental species in bulk aerosol samples obtained during
7e31 October 2007 (a) and 1e30 April 2008 (b). Cr, Zn, V, Ni, Cu, Cd and Pb concen-
trations are presented as anthropogenic fractions.



Fig. 3. Comparison of elemental concentrations between sampling sites for October 2007 and April 2008. ER vs HR (a), ER vs TS (b), TS vs HR (c), ER vs HR (d), ER vs TS (e) and TS vs
HR (f). Cr, Zn, V, Ni, Cu, Cd and Pb concentrations are presented in anthropogenic fractions.
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Elemental concentration diagrams for all sites in the Eastern
Mediterranean Basin showed strong dissimilarity in October 2007
(Figs. 2a and 3aec). The results denote that the area extending from
the South to North Levantine Basin (TS and ER) have similar
elemental aerosol chemical composition whereas, central parts of
the Eastern Mediterranean (HR) differs from the two Levantine
sites. For instance, crustal elements (Al, Fe, Mn and Ca as well) were
2e4 times higher at ER and TS (t-test; p < 0.01) than those of HR
due to the influence of mineral dust transport, particularly from the
desert areas located at the Middle East (see Tables 1 and 2).
However, the concentration diagrams comparing elemental
composition for April 2008 shows strong similarity (Figs. 2b, 3def).
This shows considerable spread of the elemental aerosol species
area covering the Eastern Mediterranean. Observed differences
between October and April may be attributed to the area being
affected by the two desert sources: i) the Middle Eastern desert
may play a more significant role in the supply of mineral dust over
a restricted area of the far Eastern Mediterranean in October ii)
during April, mineral dust from the Saharan desert may impact on
a larger area over the whole of the Eastern Mediterranean.



Table 2
Identified dust events along with possible desert source areas.

Erdemli (ER) Tel Shikmona (TS) Heraklion (HR)

Date Case Possible source Date Case Possible source Date Case Possible source

09-13/10/07 1 ME 08-09/10/07 1 ME e e e

19-24/10/07 2 ME þ SAH 17-18/10/07 2 ME e e e

e e e 26/10/07 3 SAH e e e

30/10/07 3 SAH 29-31/10/07 4 SAH 29-31/10/07 1 SAH
06/04/08 4 SAH 06/04/08 5 SAH e e e

12-16/04/08 5 SAH 13-17/04/08 6 SAH 08-14/04/08 2 SAH
21-26/04/08 6 SAH 23/04/08 7 SAH 18-23/04/08 3 SAH
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Zn concentrations at TS (p < 0.01) were 2e5 times higher than
those observed at ER and HR during October and April and this
trend has previously been reported (Koçak et al., 2004). This may be
attributed to local sources since the largest Zn recycler in the
Middle East is located at Maalot, Israel. Enhance Cr aerosol
concentrations were observed at ER in October (p < 0.05). Elevated
concentrations for this element in the region have previously been
reported (Kubilay and Saydam, 1995; Güllü et al., 1998; Koçak et al.,
2004) and attributed to the presence of ophiolitic rock (enriched in
Cr) and extensive Cr ore mining. In addition to the contribution of
regionally enriched natural Cr there is also the possibility of aerosol
enrichment at ER as a result of anthropogenic derived material.
Chromium producing industries are located 45 km to the east of the
sampling site. There is also chromium production at Antalya to the
west. The Cr industry is very developed in Turkey, being the 8th
largest producer in the world. Therefore an anthropogenic derived
aerosol Cr component cannot be discounted, and hence may also
contribute to the Cr aerosol concentrations observed at ER.

The lowest concentrations of Pb and Cd were observed at HR
and the highest Vwas detected at this site during October and April.
Lower Pb and Cd concentrations observed at HR compared to those
detected at ER and TS might be attributed to two factors; (i) the far
Eastern Mediterranean countries are predominant emitters of Pb
and Cd in the region (Pirrone et al., 1999) and (ii) the island
sampling site at HR is less influenced from anthropogenic activities
than the latter two sites. The higher V values observed at HRmay be
related to its close proximity to a power plant and shipping emis-
sions (Pandolfi et al., 2010).

Ionic species did indicate statistical (p < 0.01) differences
between the sites. Sea salt ions (Naþ and Cl�) were found to be
higher at TS compared to ER and HR during October. Secondary
aerosol species (nssSO4

2�, NO3
�, C2O4

2� and NH4
þ) concentrations at

HR were 2.1e3.9 time lower than those observed at ER and TS. This
might be attributed to i) intense agricultural activities and traffic
(particularly for ammonium, sulfate and oxalate), ii) higher
contributions from local sources and/or urban agglomerates
surrounding the latter two sites (see Table 3) and iii) difference in
the photochemical formation which is higher (solar radiation and
temperature) at ER and TS compared to HR and thus significant
oxidation of adsorbed gaseous precursors onto the dust particles or
coagulation between fine particles of these species and mineral
dust particles (for more details see Section 3.3.2).

3.3. Characterization of dust events in the Eastern Mediterranean

The threshold aerosol Al (proxy for mineral dust) concentration
(Al > 1000 ng m�3) has been utilized in the Western (Bergametti
et al., 1989; Chester et al., 1990; Keyse, 1995) and Eastern (Kubilay
and Saydam, 1995; Kubilay et al., 2000, 2005; Koçak et al., 2005)
basins in order to identify episodic mineral dust transport over the
Mediterranean region. Threshold values should be used with
caution since this arbitrary approach may cause misinterpretation
during the characterization of dust events. Therefore, for the
current study aerosol Al concentrations>1000 ng m�3 (as an initial
threshold value and indicator), corresponding air mass back
trajectories, Aerosol Index and AOT (aerosol optical thickness)
obtained from OMI (Ozone Monitoring Instrument), MODIS
(Moderate Resolution Imaging Spectrometer) and the SKIRON dust
forecasting system were utilized to refine the categorization of
mineral dust events at ER, HR and TS during October 2007 and April
2008. Crustal elements show less variability during the summer
period owing to the lack of periodic wet precipitation and re-
suspension (Güllü et al., 1998; Koçak et al., 2004). Unlike during
the summer period, crustal elemental concentrations and their
variability are controlled by rain events and dust transport from
distant desert source areas during the transitional period (Kubilay
and Saydam, 1995). Therefore, for the current study the contribu-
tion of re-suspension of local material is expected to be minimal
during the transitional period due to a) local rain events (damp soil)
and the Ca/Al ratios for dust and non-dust events were distinctly
different (see Table 3), the former having a ratio around 2.2e3.3,
whilst the latter having a larger ratio of between 4.1 and 7.2.

The daily variations in Al, Fe, Mn and Ca aerosol concentrations
at ER, HR and TS alongwith the corresponding AOTare presented in
Fig. 4a, b and c, respectively. Concentrations of these aerosol species
obtained from all sites indicate strong daily variability. The corre-
sponding AOT values also denote larger variations during the study
period and higher AOT values are particularly found to be associ-
ated with higher Al concentrations. Correlation coefficients
between Al and AOT were found to be 0.70 for ER, 0.78 for HR and
0.65 for TS.

Table 2 demonstrates the dust events along with possible
mineral dust source areas, taking into account the SKIRON dust
model simulations and 3-days backward trajectories. Using this
approach the dust events were categorized into three groups,
Middle East, Mixed and Saharan desert.

3.3.1. October 2007: dust event from the Middle East
The first dust event was characterized from October 9th to 13th

(ER: Case 1) and from October 8th to 9th (TS: Case 1) at ER and TS,
respectively. The initial signal of this event was observed at TS on
October 8th, with an Al concentration of 1400 ng m�3 when the
airflow was from the Middle East (Fig. 5a). Correspondingly the
OMI-AI diagram clearly illustrates a large dust plume over the
Middle East on October 8th, between the co-ordinates 18�Ne40�N
and 35�Ee55�E (Fig. 5a), whilst the SKIRON simulated high dust
concentrations near ground level, extending from the Israeli coast
to Central Iraq (Fig. 5d). The following day, Al values were
>2000 ng m�3 at ER and TS as a result of the arrival of airflow from
the Middle East (Fig. 5b, e). The dust plume intensified and
extended over the region particularly between the co-ordinates
30�Ne40�N and 35�Ee45�E (Fig. 5b, e). On 10th October, the dust
cloud disappeared over the Israeli coast (airflow from the Medi-
terranean Sea). On 11th October, the ER site was still influenced by
a dust event (Fig. 5c, f), with the dust activity over the Northern
Middle East continuing to affect ER until 13th October.



Table 3
Geometric mean concentrations of aerosol species, aerosol index (AI), aerosol optical thickness (AOT) and fine fraction (FF) for dust and non-dust events at Erdemli, Heraklion
and Tel Shikmona October 2007 and April 2008.

Species Erdemli (n ¼ 54) Heraklion (n ¼ 48) Tel Shikmona (n ¼ 40)

October April October April October April

Dust Non-dust Dust Non-dust Dust Non-dust Dust Non-dust Dust Non-dust Dust Non-dust

Al 3181 599 3163 328 2241 293 3500 201 2022 547 6356 299
Fe 2222 396 1862 246 1937 320 2380 224 1751 532 3847 208
Ca 8162 2462 7024 2028 7313 2121 9298 1204 5527 2517 13,997 1366
Mn 43.2 9.0 32.0 5.3 29.8 6.7 38.4 2.2 26.6 8.0 70.1 4.7
Ca/Al 2.6 4.1 2.2 6.2 3.3 7.2 2.7 6.0 2.7 4.6 2.2 4.6
Cra 5.1 1.2 5.1 1.8 0.8 0.7 2.7 1.7 2.7 0.6 0.7 0.5
Zna 22.8 12.4 20.4 12.1 13.8 9.9 12.3 4.8 41.1 27.9 40.6 38.3
Va 6.3 0.9 5.4 1.6 10.0 6.3 5.5 2.6 7.4 3.6 6.2 1.1
Nia 7.1 2.1 4.1 1.8 7.1 6.2 2.8 0.9 4.9 1.9 5.7 1.0
Cua 4.3 4.3 5.6 4.9 7.4 5.9 4.9 1.9 6.6 3.7 6.3 1.9
Cda 0.32 0.13 0.17 0.09 0.13 0.08 0.05 0.03 0.20 0.11 0.31 0.13
Pba 15.1 6.9 8.8 4.4 4.8 2.8 2.3 1.6 5.1 3.1 8.6 2.3
Naþ 1148 1112 2044 2500 1954 1941 1106 1729 6418 2374 3379 5089
Cl� 1983 1854 2469 3236 2301 2373 2305 2691 12,585 4569 7948 9193
Mg2þ 423 281 591 369 310 215 407 219 947 501 941 663
Kþ 486 264 466 322 298 215 198 170 511 362 519 351
Ca2þ 7085 2112 6124 1761 6281 1861 8264 1018 4561 1774 7819 1037
NH4

þ 1707 1034 1761 1537 894 952 260 726 1020 804 1121 1002
NO3

þ 6427 2701 10,869 4424 5614 3657 2830 2188 6604 4680 10,001 3407
nssSO4

2� 5483 2402 6991 4041 5050 2750 2268 1572 4093 2873 6911 3153
C2O4

2� 474 197 474 223 622 439 140 79 736 519 484 87
AI 0.86 0.73 1.55 0.82 1.23 0.80 1.35 0.74 0.89 0.69 1.35 0.81
AOT 0.41 0.17 0.64 0.24 0.49 0.20 0.61 0.21 0.24 0.22 0.48 0.22
FF 0.38 0.45 0.15 0.28 0.35 0.54 0.20 0.28 0.23 0.27 0.13 0.33

a Shows anthropogenic fractions of aerosol trace metals.
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3.3.2. October 2007: the mixed dust event
A second dust eventwas observed from 19th to 24th (ER: Case 2)

and from 17th to 18th (TS: Case 2) October at ER and TS, respec-
tively. Similar to Case 1, the impact of the dust event was first
detected at TS. The OMI satellite image for the 18th October (Fig. 6a)
indicated a dust cloud over the Middle East extending from 18�N to
35�N to 35�Ee45�E whilst the SKIRON simulation detonated a dust
plume between the Israeli coast to Central Iraq (Fig. 6d). During the
next two days (on 19th and 20th October, Fig. 6b, e) the dust plume
became more intense and extended over the Middle East from the
east toward the north. The dust event terminated over the Israeli
coast on 21st October whilst remaining over the region covering ER
until 22nd October. On 22nd October, the dust cloud almost dis-
appeared over the Middle East, whilst a Saharan dust intrusionwas
taking place and extending toward the Turkish coast at 18 UTC. The
dust plume concentrated and spread over the Turkish and Israeli
coastlines during the next 24 h during which the air masses back
trajectories originated from North Africa (Fig. 6c, f). Although not
discussed in detail, it is worth noting that on 26th October a short
and weak dust event was observed at TS (TS: Case 3), with two dust
events being observed over the three sites at the end of the October
(ER: Case 3, HR: Case 1, TS: Case 4) and around 6th April (ER: Case 4,
TS: Case 5). Considering the back trajectories, AI (OMI) and AOT
(MODIS) and the dust model (SKIRON) simulations, these events
were characterized as Saharan in their origin.

3.3.3. April 2008: dust event from Sahara
The last two intense dust outbreaks influencing all three sites

were observed after the first week of April. Figs. 7 and 8 highlight
the corresponding air mass back trajectories and the OMI satellite
image for these events. The air mass back trajectories clearly show
airflow at 1 km level reaching all the sampling sites from North
Africa. The corresponding OMI satellite images also indicated heavy
dust activity over North Africa and the dust cloud covered
a significant area extending to the Eastern Mediterranean. Taking
into account ground measurements, air masses back trajectories
and dust model simulations both dust events were found to be
similar in terms of intrusion and spread pattern over the Eastern
Mediterranean. For instance, on 17th April at 12 UTC SKIRON
simulations demonstrated an intense dust plume, particularly over
Libya. During the next 24 h, the dust plume moved toward the
northeast and influenced the HR sampling site (Fig. 8a, b). During
this period, the Al concentration at HR exceeded 5000 ng m�3. In
the following 48 h, the dust plume intensified and continued to
extend toward the northeast. On 21st, 22nd and 23rd (Fig. 8b, d)
April, the dust plume entirely covered the Eastern Mediterranean.
The influence of the dust plume appeared to decrease gradually
from west to east whilst first ending at HR and then at ER.

3.4. Influence of dust events on aerosol chemical composition

3.4.1. Aerosol chemical composition
Geometric mean concentrations of aerosol species obtained

fromOctober and April for dust and non-dust events for all sites are
presented in Table 3. Aerosol species demonstrate distinct differ-
ences in chemical composition between dust and non-dust events.
For instance, aerosol species originated predominantly from crustal
source (Al, Fe, Ca, Mn) were found to be at least four times higher
than those observed for non-dust events. Similarly, geometric
mean values of anthropogenically derived aerosol trace elements
were also found to be enriched during dust events which were
1.1e4.1 times higher than those for non-dust events. Additionally,
water-soluble C2O4

2�, nssSO4
2� and NO3

� indicated enhancements
during dust events with values ranging from 1.3 to 5.6. The lowest
enrichments were observed at HR.

Geometric means for AI and AOT (550 nm) were 2.9 times
higher during dust events. TS exhibited the highest Al concentra-
tion with a value of 6300 ng m�3 however, observed AI and AOT
values were relatively lower than those detected for ER and HR. Al
concentrations at ER were similar during October and April, whilst
OMI-AI and AOT values in April were w2 times higher than those
observed for October. These observations can be attributed to;



Fig. 4. Time series of daily aerosol Al (black bar), Fe (square), Mn (circle) and Ca (triangle) along with AOT550 (dashed gray line) at ER (a), HR (b) and TS (c). Solid black line shows the
threshold Al value of 1000 ng m�3.
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a) the weak sensitivity of the TOMS instrument to absorbing
aerosols near the ground (Herman et al., 1997; Kubilay et al., 2005),
underestimating dust at heights less than 1.5 km and b) optical
difference between Middle East originated desert dust and Saharan
desert dust, for which the former is identified by a lower AOT
(<0.5), higher Angstrom coefficient, higher absorption and an
enhanced contribution of the fine fraction (Kubilay et al., 2003). FFs
(fine fractions) made lower contributions to the aerosol pop-
ulations during dust events (about 2 times). The decrease in the fine
fraction might be attributed to an increase in the crustal dominated
aerosol populationwhich is mainly associatedwith coarse particles.

3.4.2. Mineral dust as carrier of pollutants
As is well documented in the literature (Mamane and Gottlieb,

1992; Underwood et al., 2001; Aymoz et al., 2004; Putaud et al.,
2004; Koçak et al., 2007a, b), mineral dust particles can serve as
reaction surfaces for different aerosol species (including those of
anthropogenic origin). Gaseous species such as SO2, N2O5, HNO3
and O3 can interact withmineral dust. As a result optical properties,
size distributions and chemical composition of the atmospheric
particles may be altered through these processes during atmo-
spheric transport (Mamane and Gottlieb, 1992; Dentener et al.,
1996; Usher et al., 2003a, b). Enhancement of anthropogenic
species during dust events might be attributed to several process,
including i) anthropogenic species emitted from local sources may
mix with mineral dust during air mass transport from desert
regions, ii) anthropogenic species may be scavenged with and/or on
to mineral dust particle surfaces when air masses from desert areas
passes through populated/industrialized regions (Choi et al., 2001;
Guo et al., 2004; Vukmirovic et al., 2004).

In order to identify the enrichment of anthropogenic elements
and water-soluble ions ontomineral dust particles at the three sites



Fig. 5. Three day back trajectories and SKIRON dust forecast model illustrating the transport of air masses and dust concentration near ground (mg m�3) on 8th of October 2007 (a,
d), 9th of October 2007 (b, e) and 11th of October 2007 (c, f). The back trajectory pathway presented by black lines for 1 km. Regional aerosol index from OMI, distribution also
presented with a color bar from gray to black.
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Al, Pb (non-crustal or anthropogenic fraction), nssSO4
2�, NO3

�, C2O4
2�

concentrations and the nssSO4
2�/nssCa2þ ratio were considered

during the sampling period. The nssSO4
2�/nssCa2þ ratio has been

applied to assess the Saharan origin of nssSO4
2�. For instance,

Putaud et al. (2004) suggested Saharan dust is the dominant source
of nssSO4

2� in the Western Mediterranean when the nssSO4
2�/
Fig. 6. Three day back trajectories and SKIRON dust forecast model illustrating the transport
d), 20th of October 2007 (b, e) and 23rd of October 2007 (c, f). The back trajectory pathway
presented with a color bar from gray to black.
nssCa2þ ratio is 0.4 � 0.1. However, lower ratios (w0.3) have been
reported over the Eastern Mediterranean (Koçak et al., 2007a, b).
Therefore, 0.3 will be used, in the current study, to assess the
mineral dust source of nssSO4

2�. The lowest nssSO4
2�/nssCa2þ ratio

with a value of 0.13 was observed at HR on April 2nd during a dust
episode. To our knowledge, this is the lowest ratio reported in the
of air masses and dust concentration near ground (mg m�3) on 18th of October 2007 (a,
presented by black lines for 1 km. Regional aerosol index from OMI, distribution also



Fig. 7. Three day back trajectories and SKIRON dust forecast model illustrating the transport of air masses and dust concentration near ground (mg m�3) on 9th of April 2008 (a, c)
and 13th of April 2008 (b, d). The back trajectory pathway presented by black lines for 1 km. Regional aerosol index from OMI, distribution also presented with a color bar from gray
to black.

Fig. 8. Three day back trajectories and SKIRON dust forecast model illustrating the transport of air masses and dust concentration near ground (mg m�3) on 18th of April 2008 (a, c)
and 23rd of April 2008 (b, d). The back trajectory pathway presented by black lines for 1 km. Regional aerosol index from OMI, distribution also presented with a color bar from gray
to black.
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region which shows minimal interaction between sulfate and
mineral dust (Putaud et al., 2004; Aymoz et al., 2004; Koçak et al.,
2007a, b) for this event.

The lowest enhancement of ant-Pb, nssSO4
2�, NO3

� and C2O4
2�

was observed in aerosols collected from HR compared to those
collected from ER and TS during dust events (Fig. 9a, b and c).
However, in general concentrations of these species show a gradual
increase and a peak during dust events. This is clearly seen in the
two case studies with dust events influencing all sites and dis-
cussed in details below.

October 2007: Amarked increase in the concentrations of ant-Pb,
nssSO4

2�, NO3
� and C2O4

2� was observed at ER and at TS during the
period of 9th-13th October (ER: Case 1) and 8th -9th October (TS:
Case 1), respectively. Concentrations were found to be 1.4e2.5
times higher during dust episodes prior to just before the dust
Fig. 9. Time series of daily aerosol Al (black circle), ant-Pb (open square), NO3
� (open circle) a

triangle) at ER (a), HR (b) and TS (c). Solid black lines show the threshold Al value of 1000
events. For these events, the ratios of nssSO4
2�/nssCa2þ were much

higher than 0.3 � 1 (Putaud et al., 2004), ranging from 0.81 to 1.62
at ER (1.43e2.15 at TS). During the dust episode between 29th and
31st October (HR: Case 1) at HR; (TS: Case 4) the corresponding
nssSO4

2�/nssCa2þ ratios were found to range between 0.34e1.45
and 0.37e1.56 respectively.

In addition the comparative air mass back trajectories reaching
ER and HR at a 1 km altitude for the periods between 9the13th and
29the31st October 2007 are presented in Fig. 10a. Trajectory
analyses show that ER is influenced by dust transport from the
Middle East and mineral dust arriving at the site after passing
through populated and industrialized regions located to the east of
ER. Back trajectories also show transport of the dust over HR after
having crossed Italy and Greece (particularly Athens) during the
first two days of the dust event, whereas dust transported directly
nd C2O4
2� (open diamond) nssSO4

2� (open star) along with nssSO4
2�/nssCa2þ ratio (open

ng m�3 and nssSO4
2�/nssCa2þ ratio of 0.3.



Fig. 10. Three day back trajectories illustrating the transport of air masses (black line) between 9 and 13 October 2007 for Erdemli and between 29 and 31 October 2007 for
Heraklion (a) and ant-Pb (light gray bar), NO3

� (dark gray bar) and C2O4
2� (white bar) nssSO4

2� (black bar) along with nssSO4
2�/nssCa2þ ratio (black circle) at HR, ER and TS on 13th of

April 2008 (b).
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from the Libyan desert on 31st October was associated with the
lowest concentrations of anthropogenic species and nssSO4

2�/
nssCa2þ (0.34) for this specific episode.

April 2008: At HR, from 8th to 14th April (HR: Case 2), ant-Pb,
nssSO4

2� and NO3
� values did not show a significant enrichment

except on the 10th April (nssSO4
2�/nssCa2þ ¼ 0.57). Concentrations

of these species were found to be enhanced for the periods
between 12the16th (ER: Case 5) and 13the17th (TS: Case 6) April
2008 with nssSO4

2�/nssCa2þ ratios ranging from 0.49 to 1.78, at ER
and TS. On 13th April all sites were influenced by mineral dust
transport from the Saharan desert (see Fig. 7b,d; particularly from
Libya). In this case, trajectories revealed that HR was directly
influenced by dust intrusion from the Saharawhereas, mineral dust
passed through populated and industrialized sites located in the
Balkans and Turkey before arriving at first ER and then TS. The
anthropogenic species showed an agreement with this airflow
pattern. A clear enrichment was observed for anthropogenic
species (see Fig. 10b) in the increasing order of HR (ant-Pbw3,
nssSO4

2�w2300, NO3
�w1900, C2O4

2�w200 ng m�3, nssSO4
2�/

nssCa2þw0.25) < ER (ant-Pbw5, nssSO4
2�w7800, NO3

�w12,000,
C2O4

2�w440 ng m�3, nssSO4
2�/nssCa2þw1.10) < TS (ant-Pbw18,

nssSO4
2�w9900, NO3

�w18,000, C2O4
2�w610 ng m�3, nssSO4

2�/
nssCa2þw1.15). During the last episodes of the dust events occur-
ring during the periods 20the26th at ER (on 23 April at TS) and
18the22nd April at HR, lower enrichment of anthropogenic species
were observed at HR compared to the other two sampling sites.
4. Conclusion

The temporal and geographical variability in the chemical and
physical properties of aerosols in the Eastern Mediterranean
atmosphere have been investigated. Simultaneous collection of
aerosol samples from three coastal rural sites during two distinct
dust periods; October (2007) and April (2008) was carried out.
From these findings the following conclusions may be made:

� Crustal elemental (Al, Fe, Mn and Ca as well) concentrations
were found to be 2e4 times higher at ER and TS than those
observed at HR during October 2007 owing to the influence of
mineral dust transport, particularly from the desert areas
located in the Middle East. Concentration diagrams comparing
elemental composition for April 2008 reveal strong similarity.
This distinct difference suggested a) that theMiddle East desert
may play a significant role in the supply of mineral dust over
a restricted area of the far Eastern Mediterranean in October
and b) mineral dust from the Saharan desert may impact upon
the whole Eastern Mediterranean during April.

� Possible mineral dust source areas were identified by applying
a threshold aerosol Al concentration (Al > 1000 ng m�3),
SKIRON dust model simulations and 3-days backward trajec-
tories. Fromwhich, the dust events were categorized into three
groups; Middle East, Mixed and Saharan desert. ER and TSwere
substantially affected by dust events originating from the
Middle East, particularly in October, whilst HR was not influ-
enced by dust transport from the Middle East.

� The highest Al concentrationwas observed at TS with a value of
6300 ngm�3, observed AI and AOT values were relatively lower
compared to the other sampling sites. Al concentrations at ER
were similar during both October and April, whilst OMI-AI and
AOT values in April werew2 times higher than those observed
for October. This might be attributed to a) the weak sensitivity
of the TOMS instrument to absorbing aerosols near the ground,
underestimating dust at heights less than an altitude of 1.5 km
and b) optical difference between Middle East desert dusts and
Saharan desert dust.

� During dust events concentrations of anthropogenic aerosol
species were found to be 1.1e4.1 times higher than those for
non-dust events. These species were particularly found to be
enhanced when mineral dust arrived at the sites after passing
through populated and industrialized urban areas. Although
the lowest enhancement of anthropogenic aerosol species was
observed at HR during dust events. Indeed, the lowest nssSO4

2�/
nssCa2þ ratio reported in the region, with a value of 0.13, was
observed at HR, indicatingminimal interaction between sulfate
and mineral dust.
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