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Abstract
The current study considers the spatial and temporal variability in aerosol trace metal concentrations (Al, Fe, Mn,
Cr, Cu, Pb, Cd, Zn) in the Levantine Basin of the Eastern Mediterranean, utilising an extensive sample library (n ¼ 621)
collected between 1999 and 2001, at two coastal sites located at the northern, Erdemli (Turkey) and southeastern, Tel
Shikmona (TS, Israel), region of the Basin. A critical evaluation of the datasets from the two locations was presented.
Enhanced concentrations of Al (1.7  ), Fe (1.8  ), Mn (2.1  ) were detected at the more southerly sampling station,
during common dust events, owing to the greater proximity of desert dust sources (NE Africa and Saudi Peninsula);
leading to a gradual decline in crustal inputs northwards across the basin. An insigniﬁcant Pb gradient was noticed
across the Levantine Basin, which has exhibited a decadal decrease (40%). Cr was enriched in the north by a factor of
three accounted by local sources. Cu was also enriched, to a lower extent, by about a factor of two. Seasonal variations
of the crustal elements (Al, Fe, Mn) at Erdemli were detected (transitional>summer>winter) owing to both, a greater
frequency and intensity of dust events during the transitional period and a greater washout effect during winter. It is
likely that similar variations occur at TS as both sites experienced similar dust and rainfall events. It was observed at
Erdemli that all elements (except Pb and Cd) exhibit their lowest concentrations in the winter period due to a greater
washout effect. The lack of seasonal difference between winter and summer for Pb and Cd may have been due to the
relatively high emission intensities of regional sources rapidly regenerating aerosol concentrations and their association
with ﬁne particles which are less efﬁciently scavenged during rain events. During the summer, Zn derived from local
transportation and agricultural activities, was more pronounced, leading to an enhancement of around 10% in its
concentration.
r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
Owing to the important inﬂuence of atmospheric
derived trace metals on marine biogeochemical processes, numerous research studies have been carried out
over the last two decades to better understand and
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E-mail addresses: kubilay@ims.metu.edu.tr (M. Ko@ak),
m.nimmo@plymouth.ac.uk (M. Nimmo), barak@ocean.org.il
(B. Herut).

quantify atmospheric inputs of trace metals to the
marine environment (Jickells, 1995, and references
therein). These studies have considered a whole range
of marine systems extending from European coastal
zones such as the Irish Sea, the North Sea, the Western
Mediterranean and the Black Sea (Chester et al.,
1993, and references therein; Guieu et al., 1997) to
open ocean environments such as the Northern
Paciﬁc (Duce et al., 1983). Studies have used either
land-based stations (covering annual sampling periods)
(Bergametti et al., 1989; Kubilay and Saydam, 1995;
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Gull
. u. et al., 1998; Remoudaki et al., 1991a,b) or
transient sampling studies on research cruises or ships
of opportunity (e.g. Dulac et al., 1987; Kubilay et al.,
1995; Guieu et al., 2002).
The atmospheric concentrations of trace elements in
the Eastern Mediterranean aerosol have been deﬁned in
previous studies along with calculations of their
subsequent inputs (Kubilay and Saydam, 1995; Gull
. u.
et al., 1998; Kubilay et al., 2000; Herut et al., 2001;
Herut, 2001). These studies have clearly shown that the
Eastern Mediterranean marine aerosol is strongly
impacted by sporadic intense Saharan desert pulses
occurring primarily during transition periods in March,
April, May and October. During these periods the
concentrations of crustally derived trace metals such as
Al, Fe and Mn may reach concentrations in excess of the
background concentrations by up to one or two orders
of magnitude. Remoudaki et al. (1991b) have shown
that sporadic but intense Saharan dust transport events
are responsible for the highest atmospheric concentrations and variability of Mn at a remote site in the
western Mediterranean. The unique contribution of the
current study is to deﬁne the spatial and temporal
variability of the aerosol trace metal composition
inﬂuencing the Levantine Basin of the Eastern Mediterranean, using contemporaneously collected aerosol
samples (over a 3-year period) across the Basin. One site
was located on the NE edge of the Basin (Erdemli, SE
Turkey) whilst the other was located on the SE edge of
the Basin (Tel Shikmona (TS), Israel). This approach is
used to identify the contrasting impacts of (i) aerosol
sources and (ii) meteorological processes. From such
knowledge and understanding a more reﬁned calculation
of atmospheric inputs of trace metals to the basin may
be evaluated.

2. Methodology
Bulk aerosol ﬁlter samples were collected from two
different rural sites located on the coastline of the
Eastern Mediterranean, (i) Erdemli (36 330 5400 N and
34 150 1800 E), Turkey, (ii) TS (32 490 3400 N and
34 570 2400 E), Israel. For more details on sampling
locations and collection see Kubilay and Saydam
(1995) and Herut et al. (2001). The sampling campaigns
commenced during January 1999 and ﬁnished in
December 2001. Over the sampling period a total of
556 and 75 aerosol samples were collected at Erdemli
and TS, respectively. Temporal resolution of the
sampling at Erdemli station was daily (except from July
to December, 2000, owing to equipment failure). For
some weekends and holidays multi-day samples were
taken. At TS the sampling was carried out every
weekend, covering typically a 3-day per week period.
The percentage of sampling coverage per month at each
site over the whole sampling period is highlighted in
Fig. 1. The representative nature of the sampling coverage is discussed in the results and discussion section.
Aerosol samples collected at both Erdemli and TS
underwent a total acid digestion, for further details please
see Kubilay and Saydam (1995) and Herut et al. (2001).
After total dissolution, digest solutions samples were
analysed for trace elements by one of Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES), Inductively Coupled Plasma Mass Spectroscopy (ICP-MS),
Graphite Furnace Atomic Absorption Spectroscopy
(GFAAS) or Flame Atomic Absorption Spectroscopy
(FAAS). The quality of the trace metals measurements,
carried out at both laboratories, was evaluated on the basis
of the analyses of National Research Council Certiﬁed
Reference Material (BCSS-1). Analytical recoveries were

Fig. 1. Percent coverage of the months when aerosol samples were collected at Erdemli (gray bars) and TS (black bars) throughout the
sampling period.
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good, being >95% for Al, Fe, Mn, Pb, whereas for Zn,
Cu, Cr the recoveries were slightly lower, being >85%. To
further verify the comparability of the measurements made
by the different laboratories, an inter-laboratory comparison was carried out, whereby 13 aerosol samples from the
IOLR library, covering the full range of aerosol trace
metal concentrations encountered, underwent separate
total acid digestion and then the digest solutions were
each analysed by the two different research groups. For all
the elements analysed by both groups, after applying a
Wilcoxon test to the sample populations, there was no
statistically signiﬁcant difference between the two laboratories (at the 95% conﬁdence level). Operational blank
contributions to sample digests amounted to o5% for all
trace elements except for Zn (9%); Cr (9%) and Cu (11%).
The analytical precision of repeat measurements (  3) was
o2% for Al, Fe, Mn, Pb and o 5% for Zn, Cd, and Cu,
with analytical detection limits being o5% of the average
aerosol digest solution concentration (except for Cu and
Cd which were approximately 13%).
Air mass back trajectory analysis was applied to
identify sources of the Eastern Mediterranean marine
aerosol. The operational trajectory model developed by
the European Centre for Medium-Range Weather
forecasts (ECMWF) in Reading, UK, was applied to
three-dimensional wind ﬁelds acquired from the archives
of ECMWF. The aerosol index (AI), the distribution of
UV absorbing aerosol deﬁned as the difference between
the 331 and 360 nm radiances from the Earth Probe/
Total Ozone Mapping Spectrometer (EP/TOMS) (Herman et al., 1997; Torres et al., 2002), was also utilized to
judge mineral aerosol transport to the stations.

3. Results and discussion
3.1. Air flow climatology at the sampling sites
Climatically, the Mediterranean region is characterized by generally warm winter temperatures, (November
through February) dominated by rainfall and dry
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summers (June through September). The transitional
seasons, spring and autumn are of very different lengths.
The relatively long spring season (March through May)
is noted for periods of unsettled winter-type weather
associated with an increased occurrence of North
African cyclones; the rest of this period is very similar
to that in the summer. Autumn usually lasts only
1 month (October) and is characterized by an abrupt
change from summer to the unsettled weather of winter
(Brody and Nestor, 1980; Milliman et al., 1992).
Three day back trajectories were calculated daily at 12
00 UT for Erdemli and TS for 1000, 850, 700 and
500 hPa and classiﬁed into airﬂow sectors of origin
according to the criteria applied by Dayan (1986) for
Israel. Major airﬂow sectors are as follows (see Fig. 2):
(1) northwest sector including western Europe; (2)
north-northeast sector including eastern Europe and
Former Soviet Union States; (3) southeast sector
including the Arabian peninsula; (4a) southwest sector
including the west of North Africa; (4b) southern sector
including the east of North Africa. Trajectories were
assigned to a particular sector if they resided over it
more that 50% of their travel time to the site.
Trajectories were unclassiﬁed when they did not meet
this criteria. The percent contribution of each sector to
the air masses arriving at TS and Erdemli is given in
Fig. 3. The contribution of each sector at TS for
trajectories arriving at 850 hPa is compared with the air
mass sector frequency averages over Israel (for a 5-year
period) carried out by Dayan (1986). It is clear from this
comparison that the air masses sampled and their
associated relative proportions at TS for the current
study are generally representative of the air masses
inﬂuencing this area (within 7 5% for each deﬁned air
mass sector, except for sector 3). At Erdemli this
classiﬁcation was performed for the trajectories arriving
at 850 hPa as well as 500 hPa. This comparison between
different pressures re-emphasizes ﬁndings from previous
studies that during dust events in the Mediterranean
region, African air is generally found at upper levels
over air from other source regions in the boundary layer

Fig. 2. Classiﬁcation of 3-day back trajectories ending at (a) TS and (b) Erdemli. Major airﬂow sectors are indicated.
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Fig. 3. Percent contribution of source regions identiﬁed in Fig. 2 to the air mass ﬂow at (a) TS and (b) Erdemli.

Table 1
(a) The trace metal aerosol composition at Erdemli and at Tel Shikmona between 1999 and 2001. (b) The trace metal aerosol
composition associated with contemporaneously collected samples at Erdemli and Tel Shikmona
Tel Shikmona (Israel)
Arithmetic
mean (7s)

Median

Erdemli (Turkey)
Geometric
mean (sg)

Min–Max

(a) At Erdemli and at Tel Shikmona between 1999 and 2001
Al
2138 (5091) 810
952 (2.79)
199–36,950
Fe
1265 (2654) 620
724 (2.40)
168–22,031
Mn
26.1 (47.8)
15.6
16.7 (2.18)
3.3–394
Zn
30.8 (28.1)
25.7
22.4 (2.27)
3.8–165
Cu
7.3 (5.1)
5.8
5.9 (1.93)
0.6–31
Cr
3.6 (5.8)
2.2
2.3 (2.37)
0.2–46
Cd
0.27 (0.23)
0.22
0.22 (1.88)
0.05–1.38
Pb
32.1 (22.9)
25.9
24.9 (2.14)
4.7–119
Tel Shikmona (Israel)
Arithmetic
mean (7s)

Geometric
mean (sg)

Arithmetic
mean (7s)

Median

Geometric
mean (sg)

Min–Max

814 (897)
555 (524)
11.0 (8.8)
20.4 (35.1)
10.9 (7.6)
5.7 (5.0)
0.21 (0.19)
34.4 (43.7)

632
447
9.9
16.9
9.2
4.2
0.18
21.9

567 (2.39)
407 (2.27)
7.9 (2.63)
15.9 (1.86)
8.9 (1.86)
3.9 (2.57)
0.17 (2.06)
21.5 (2.63)

15–8278
8–5601
0.1–92
0.7–744
1.0–65
0.1–39
0.01–2.36
0.3–586

Erdemli (Turkey)
Min–Max

Arithmetic
mean (7s)

Geometric
mean (sg)

(b) With contemporaneously collected samples at Erdemli and Tel Shikmona
Al
2320 (6151) 828 (2.9)
199–36,950
1100 (902)
852 (2.0)
Fe
1351 (3198) 680 (2.5)
168–22,030
725 (523)
594 (1.9)
Mn
27.2 (57.8)
15.4 (2.3)
3.3–394
13.9 (7.9)
12.2 (1.7)
Zn
28.8 (26.7)
19.8 (2.4)
3.8–133
19.6 (6.5)
18.5 (1.4)
Cu
7.0 (5.9)
5.4 (2.1)
0.6–31.6
11.7 (6.3)
10.4 (1.6)
Cr
3.7 (7.0)
2.0 (2.6)
0.2–46.2
7.9 (5.8)
6.3 (1.9)
Cd
0.29 (0.21)
0.23 (1.93)
0.05–1.19
0.23 (0.15)
0.19 (1.83)
Pb
29.1 (19.1)
22.7 (2.1)
4.7–74.9
41.7 (38.4)
29.9 (2.3)

due to the frontal situations bringing dust to the north
(Martin et al., 1990; Kubilay et al., 2000).
3.2. Datasets characteristics
A summary of the total trace elemental concentrations observed in the Eastern Mediterranean aerosol at

Min–Max

130–4010
145–2399
3.4–40.8
7.3–41.6
4.4–37.2
1.7–32
0.03–0.79
5.1–174.2

the different sampling sites is presented in Table 1. The
concentration range of each element is very wide
resulting in high standard deviations from the mean
concentrations. Such high standard deviations are not
unusual for the dataset belonging to aerosol data
obtained in the Mediterranean atmosphere (Dulac
et al., 1987; Bergametti et al., 1989; Kubilay and
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Saydam, 1995; Gull
. u. et al., 1998). Geometric means will
be used in subsequent discussions owing to the
lognormality of the two datasets. The log-normality of
the dataset was veriﬁed by applying the Kolmogorov–
Smirnov test at the 95% conﬁdence level. Fig. 4, for
example, illustrates the lognormal distribution of the
aerosol population for two selected elements Al and Pb
which are representative of contrasting sized and
sourced aerosol particles.
Before discussing the environmental implications of
the presented dataset, evaluation of the representative
nature of the two aerosol datasets is considered. As was
highlighted in the experimental section the two sites had
a common sampling coverage of nearly 3 years.
However, the temporal coverage within this 3-year
period was different at each site. The adopted sampling
strategy at Erdemli was of a higher temporal resolution
than that at TS. Therefore the impact of these on the
representative nature of the dataset will be evaluated.
The more restricted TS sampling coverage may have
lead to the omission of important events (such as
Saharan dust events) which would have had an impact
on the representative nature, particularly for the crustal
elemental aerosol concentrations (Dulac et al., 1987;
Kubilay et al., 2000). However the representative nature,
in terms of air mass inﬂuence, of the TS population was
good and was clearly highlighted earlier, by comparison
of air mass frequencies over the sampling period with
those observations made by Dayan (1986). The extent to
which Saharan events had been missed at Erdemli owing
to malfunction of sampling equipment was evaluated by
comparing the TOMS AI with the time series of aerosol
Al (proxy for mineral dust) measurements and air mass
back trajectories (see Figs. 5a and b). In making this
comparison, it should be remembered that the aerosol
Al concentration is collected over 1–3 days period. In
contrast the TOMS AI value is obtained from an
instantaneous satellite measurement made during the
overpass, which occurs at about 1130 UT. The criterion
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for TOMS detection (AI, X0.5) of African dust event
adapted by Chiapello et al. (1999) has been accepted and
complemented by air mass back trajectories. By this way
we have identiﬁed 72 events throughout the 3-year
period at Erdemli (indicated by stars on Fig. 5a). Since
in winter time the cloud cover precluded the use of
remote sensing data (TOMS AI) the dust events are
identiﬁed by aerosol Al concentration peaks and back
trajectories. As can be seen both from Figs. 5a and b
during the summer of 2000, intense dust transport events
were detected at both sites. However taking into account
the missed sampling period, 85% coverage of Saharan
dust events at Erdemli was achieved over the 3-year
sampling period, which would seem to be a reasonable
coverage.
A comparison was also made of the aerosol concentrations in samples collected from both sites only during
the same sampling dates. Hence, the Erdemli dataset was
reduced to give a TS type sample set (by taking the mean
trace metal concentration of three daily samples
equivalent to each of the TS sample, covering a 3-day
period) and the TS dataset was reduced omitting
samples associated with the 6-month period in 2000
when there was no sample collection at Erdemli.
The elemental concentrations for the reduced datasets
are presented in Table 1(b). It is apparent that some
crustal elements show higher levels at TS whilst Cr and
Cu exhibit higher levels at Erdemli. These and other
differences are discussed hereafter. The higher level of
desert derived elements at TS is supported both by its
signiﬁcantly higher AI and aerosol Al levels (during dust
storms) compared to those of Erdemli (see Figs. 5a and
b). However, while the TS reduced and whole datasets
indicated no statistical differences between elemental
concentrations, it is apparent that at Erdemli a
signiﬁcantly different concentration is calculated for all
elements except Cu and Cr. The observed bias may be
explained by the reduced set being composed of samples
collected during predominantly dry days, implying that

Fig. 4. Population frequency histograms of the log-transformed atmospheric concentrations of the elements and their expected normal
distributions at Erdemli. (a) Pb; (b) Al.
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Fig. 5. Time series of (a) daily aerosol Al concentrations (gray line) and TOMS aerosol index (black line) at Erdemli. Daily local
precipitation rate is indicated at the bottom; (b) 3-day integrated aerosol Al concentrations (dots) and TOMS aerosol index (black line)
at TS.

the reduced Erdemli dataset is not as representative as
the whole elemental aerosol dataset. The TS reduced
dataset and the whole dataset indicated no statistical
differences between elements, however both are bias
towards dry periods, similar to the reduced Erdemli
dataset. Although the two reduced datasets may not be
wholly representative of the annual aerosol trace metal
concentration, the datasets do present a unique opportunity to evaluate the spatial differences between similar
types of dataset for the two locations.
3.3. Spatial variations in aerosol trace metal
concentrations
Considering the discussion above regarding the
representative nature of the datasets at both sites, a
comparison of spatial difference will only be considered
between the samples collected at both sites during the
same sampling periods (Table 1b). Fe, Mn, Zn, Pb and
Cd aerosol geometric mean concentrations observed at
TS are all higher than those detected at Erdemli. By
applying the Wilcoxon signed–rank test, used for
nonparametric populations, it was shown that for a
number of these elements (Fe, Mn,) the differences
observed between the two locations were statistically
signiﬁcant at the 95% conﬁdence interval. The regional
difference was apparent for those elements, which have
predominantly a crustal source. Although, interestingly,
Al displays a much greater arithmetic mean concentration at TS (2.1x) in comparison to Erdemli; whereas its

geometric mean was similar (Table 1b), and there was no
signiﬁcant difference between the geometric means for
the two sites, using the Wilcoxon test. This apparent
contradiction might be explained by Al being present in
relatively higher concentrations in local crustal material
at Erdemli than that observed at TS, which would
ultimately lead to slightly enhanced Al geometric mean
concentrations in the Erdemli aerosol if only local
crustal material inputs are prevailing. However, the
arithmetic mean, being higher than that at Erdemli, is
likely to be more strongly inﬂuenced by episodic
Saharan dust pulses.
Therefore, investigations into any spatial differences
in the crustal elemental concentrations during individual
common Saharan events was then considered. The
choice of common events was based on air mass back
trajectory analyses for both sites. Of all the dust events
occurring over the 3-year period at the two sites, eleven
were identiﬁed as being common. Table 2 presents the
respective elemental concentrations for the two sites.
This comparison clearly exhibits much higher concentration of Al (1.7  ), Fe (1.6  ) and Mn (1.9  ) at TS
compared to Erdemli. Clearly this spatial difference
arises from progressive decay of dust plumes during
their transport South–North over the Levantine Basin.
It is also clear that during Saharan dust events the
crustal elemental concentrations on average are between
3.0 (Mn) and 3.6 (Al) times higher than those
determined over the whole sampling period (Erdemli).
The spatial variability between the two sites for crustal
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Table 2
Elemental concentrations (ng m3), as geometric means, for
common Saharan dust events at Tel Shikmona and Erdemli
Element

Common dust
events (Tel
Shikmona)

Common
dust events
(Erdemli)

Tel Shikmona/
Erdemli ratio

Al
Fe
Mn
Zn
Cu
Cr
Cd
Pb

3400
2171
45
34 (25)
10 (7.3)
6.3
0.38 (0.34)
42 (37)

2019
1316
24
21 (19)
14.3 (12.9)
10
0.24 (0.22)
35 (33)

1.7
1.6
1.9
1.6
0.7
0.6
1.6
1.2

Values in parentheses represent concentrations corrected for
crustal contributions.

elements during Saharan dust events is additionally
exempliﬁed by a speciﬁc event occurring over the
Laventine Basin during April 2001. Fig. 6 indicates the
TOMS AI distribution over the region on 17 April 2001
together with air mass back trajectories arriving to the
sampling sites and aerosol Al concentrations measured
at two sites. As can be seen from Fig. 6, both TOMS AI
and Al concentration levels are most enhanced at TS
relative to Erdemli during extreme dust events due to
proximity of the former site to the desert regions.
The overall concentrations of Cd, Pb and Zn Table 1b,
derived principally from anthropogenic sources, are
enhanced at TS for Cd and Zn but enhanced at Erdemli
for Pb. However, the inter-site difference is statistically
insigniﬁcant for these elements. It is also noticeable,
comparing the Pb concentrations for the whole Erdemli
dataset to historic values (Kubilay and Saydam, 1995),
that there has been a detected decline, amounting to 40%
during the last decade. The decadal decrease in Pb
concentrations is likely to be due to the diminished
emissions from vehicular transport. For example, Hassanien et al. (2001) indicated that urban Pb concentrations
in Cairo have decreased by 40% between 1994 and 1997.
Furthermore, it is apparent that diminished aerosol Pb
concentrations have been observed in other European
coastal atmospheres: (Ligurian Sea, 25–30% and North
Sea, 50%, decrease, respectively), (Migon and Nicolas,
1998; Ridame et al., 1999; Lammel et al., 2002; Flament
et al., 2002). Compared to the Western Mediterranean
(Migon and Nicolas, 1998) a higher Pb concentration in
the Eastern Mediterranean aerosol would be expected,
based on recent European emission inventories of Pb.
According to Pirrone et al. (1999) on a regional scale
North Africa and Middle Eastern nations represent the
major contributors of Pb (nearly 75%) to the Mediterranean atmosphere (in 1998).

Fig. 6. Three day back trajectories illustrating the transport of
air masses on the 18 April 2001 to Erdemli (a) and TS (b). The
back trajectory pathway every 12 h is indicated by triangles for
1000 hPa, stars for 850 hPa, circles for 700 hPa and squares for
500 hPa. Regional aerosol index distribution is highlighted in
(c) and on (d) the time series of aerosol Al concentrations at TS
(unbroken line) and Erdemli (dashed line) during 16–24 April
2001 (Julian day 107–115) are presented. Geometric mean of
aerosol Al concentration (813 ng m3) in the transitional season
at Erdemli is indicated on the diagram as a continuous line.

Enhanced Cr and Cu aerosol concentrations were
observed at Erdemli in the reduced datasets and are
statistically higher than those observed at TS (enhancement factors of 3.1 and 1.9, respectively). Elevated Cr
levels in the eastern Mediterranean have previously been
explained by the presence of ophiolitic rock outcrops
that are enriched -in Cr (Kubilay and Saydam, 1995;
Gull
. u. et al., 1998; Ca&gatay et al., 2002) above that found
in the average crust. In addition, extensive regional past
and present mining for Cr has taken place (see URL site
of the General Directorate of Mineral Research and
Exploration (MTA), www.mta.gov.tr/madenler/turmaden/
ic.asp).
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Local crustal inputs as a potential source for the
enhanced Cr concentration in the aerosol was investigated by categorising samples into ‘‘local’’ and ‘‘nonlocal’’ groupings depending upon their air mass inﬂuence. Those deﬁned as ‘‘local’’ were those whose air
masses did not extend too far beyond the mainland of
Turkey (see Fig. 7a), and ‘‘non-local’’ air masses were
those which extended beyond mainland Turkey (see
Fig. 7b). The ‘‘local’’ air mass categories had an
enhanced mean Cr concentration of 8.7 ng m3, whereas
‘‘non-local’’ air masses had a comparatively lower mean
Cr concentration of 3.5 ng m3, indicating the importance of local sources for Cr inputs to the Eastern
Mediterranean marine aerosol.
The enhancement of Cu at Erdemli may be attributed
to local and regional anthropogenic sources which
include (i) application of fungicides and herbicides and
(ii) mining of ore along with their processing in the
Black Sea region. For both sources it is known there is
an association between Cu and Zn. The possibility of
local agricultural Cu sources is supported by previous
workers (Alva et al., 2000) who observed enhanced Cu
concentrations in soils where there has been long term
citrus production (compared to that in soils under
natural vegetation). As Erdemli is surrounded by an
area rich in citrus plantations therefore an agricultural
source for Cu is possible.
3.4. Temporal variability in aerosol trace metal
concentrations
To serve as an example of the typical daily variability
in the concentrations of aerosol trace metals, the
temporal variability of the Al aerosol concentrations
during the 3-year period from January 1999 up to the
end of 2001 at Erdemli and TS sites are shown in Figs.
5a and b. As is has been observed in previous studies
(e.g. Bergametti et al., 1989; Kubilay and Saydam, 1995;
Gull
. u. et al., 1998; Remoudaki et al., 1991a,b), shortterm temporal variability in trace metal aerosol concentrations is great, ranging up to three orders of
magnitude.

The seasonality of aerosol trace metals at Erdemli
sampling site was tested statistically by applying the
Wilcoxon test at the 95% conﬁdence level. Seasonality
was not considered for the samples from TS owing to the
lower resolution of sample collection (see Table 3).
Within the annual period three seasons were deﬁned;
Winter, Transitional and Summer seasons. Al and Fe
exhibited statistically signiﬁcant decreasing concentrations in their mean values (taken over 1999 & 2001) in
the order of Transitional >Summer >Winter. Enhanced concentrations of the crustally derived trace
metal observed during the Transitional period arise
owing to a higher number of Saharan dust episodes
occurring during this season. Taking into account only
intense dust events (Al>2000 ng m3) it was apparent
that 74% of dust events occurred during the transitional
period (whereas winter and summer accounted for 22%
and 4%, respectively). Such dust events have also been
observed previously for the Eastern (Kubilay and
Saydam, 1995; Kubilay et al., 2000; Herut et al., 2001;
Herut, 2001) and Western Mediterranean (Martin et al.,
1990; Guieu et al., 1997) marine atmosphere.
The difference in the Al, Fe and Mn concentrations
between the Winter and Summer seasons is likely to be
accounted by enhanced removal/scavenging by rainfall
and diminished re-suspension of local crustal material,
as well as the comparative lack of Saharan dust pulse
incursions during this period. This is exempliﬁed by
Fig. 8, which highlights the lower monthly aerosol metal
concentrations corresponding to periods of enhanced
monthly rainfall. As a comparison the data for 1992 is
also included (Kubilay and Saydam, 1995) in Fig. 8. It is
apparent that the aerosol trace metal levels are strongly
affected (exponentially) by scavenging processes during
these wet months, for both crustal and some anthropogenically derived elements (Cu, Cr, and Zn). During
this process the most signiﬁcant removal takes place in
monthly precipitation up to 200 mm (Fig. 9).
Exceptions to this were Pb and Cd which exhibited no
statistical difference in their aerosol concentrations
between summer and winter seasons (Table 3). As these
elements are typically associated with ﬁne aerosol

Fig. 7. (a) Local trajectories arriving at Erdemli and (b) long range transported airﬂow pattern.
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Table 3
Seasonal variations in aerosol concentrations (ng m3) observed at Erdemli
Winter

Al
Fe
Mn
Cr
Cu
Zn
Cd
Pb

Transitional seasons

Summer

Arithmetic mean
(7s)

Geometric mean
(sg)

Arithmetic mean
(7s)

Geometric mean
(sg)

Arithmetic mean
(7s)

Geometric mean
(sg)

484 (556)
377 (404)
7.6 (8.0)
4.2 (3.9)
8.8 (6.5)
17.6 (18.2)
0.20 (0.21)
30.3 (33.6)

316 (2.54)
251 (2.51)
4.5 (3.34)
2.6 (3.01)
7.1 (1.95)
13.2 (2.04)
0.15 (2.30)
19.1 (2.75)

1188 (1396)
751 (778)
13.8 (11.9)
7.5 (6.1)
13.1 (9.6)
23.5 (58.2)
0.24 (0.18)
47.6 (63.1)

813 (2.27)
537 (2.25)
10.2 (2.30)
5.6 (2.20)
10.7 (1.83)
16.6 (1.95)
0.19 (1.91)
30.2 (2.59)

830 (388)
568 (238)
12.0 (4.6)
5.7 (4.5)
11.1 (6.1)
20.8 (18.9)
0.20 (0.16)
27.6 (28.4)

759 (1.56)
525 (1.53)
11.2 (1.50)
4.5 (2.09)
9.8 (1.64)
18.2 (1.49)
0.16 (1.45)
18.6 (2.39)

Number of samples utilised are 194, 161 and 201 for winter, transitional seasons and summer, respectively.

Fig. 8. Monthly mean concentrations and rainfall amounts of aerosol trace metal concentrations detected at Erdemli for the years
1992, 1999 and 2001.

ARTICLE IN PRESS
2142

M. Ko@ak et al. / Atmospheric Environment 38 (2004) 2133–2144

Fig. 9. Examples of the relationship between monthly aerosol concentrations (ng m3) and rainfall amount (mm) for (a) Al and (b) Zn.
Each diagram has an insert which illustrates a statistically signiﬁcant (95% conﬁdence level) linear relationship for monthly rainfall
o 200 mm.

particulates directly injected into the atmosphere via
high temperature processes, are less efﬁciently scavenged
compared to crustally originated elements and hence are
less likely to exhibit winter/summer seasonal trends.
Scavenging ratios have previously been used to measure
the efﬁciency of rainwater scavenging of elements from
aerosols (Chester et al., 1997; Kane et al., 1994). From
these studies it is clear that elements (e.g. Pb) associated
with ﬁner anthropic derived aerosol material had much
lower scavenging ratios (Pb—77–131; Chester et al.,
1997; Kane et al., 1994) compared to scavenging ratios
calculated for elements associated with crustal derived
elements (Al—467; Co—706 ), indicating the possible
fractionation of aerosol population during rain events,
with a greater proportion of aerosol Pb escaping
deposition, allowing greater dispersion in the atmosphere. However, the signiﬁcant lower levels recorded
during wet days as compared to dry days in the Winter
season follow the washout dynamics suggested by
Remoudaki et al. (1991a, b). Thus the observed lack of
seasonally for Pb and Cd may be accounted by rapid
injection and hence re-loading, post rain event, from
local sources. As stated previously it was not possible to
assess seasonal differences at TS, however it is likely
that absolute aerosol concentrations will be impacted
in a similar manner to those for Erdemli as both
site experienced similar rainfalls during the sampling
periods.
Pb and Cd (total Cd exhibited no signiﬁcant seasonal
difference) had elevated concentrations during the
transitional season compared to those observed during
summer and winter. It is speculated that this enhancement during the transitional period is due to (i)
association and transport by high dust concentrations
and/or (ii) contribution from land based sources in the

south and southeastern region of the Mediterranean
Basin. A similar enhancement of anthropogenic elements during high dust events has been observed by
Gull
. u. et al. (1996).
Cu and Cr both exhibited signiﬁcant differences
(approx. 20%) between the transitional and summer
period. As discussed above this area is inﬂuenced by
local sources and generally experiences higher Cu and Cr
concentrations. However, the processe(s) leading to this
difference is still unknown. The difference between the
transitional and summer in Zn (approximately 10%
higher in the summer) may possibly be accounted by
enhanced local trafﬁc and agricultural activities.

4. Conclusions
The current study has produced a unique and
extensive dataset of temporal and spatial trace metal
aerosol concentrations in the atmosphere of the
Levantine Basin. From these ﬁnding the following
conclusions may be made;
(1) There is a general increasing gradient of the crustal
material load from north to south across the
Levantine Basin, especially during Saharan dust
events, with enhanced concentrations of Al (1.7), Fe
(1.6) and Mn (1.9) observed at TS compared to
Erdemli.
(2) Cr was enriched at Erdemli, to the North of the
Levantine Basin, accounted by local sources, with
Cu also being enriched, but to a lower extent (by a
factor of 1.6).
(3) At an annual scale, no signiﬁcant gradient of Pb
concentrations was observed across the Levantine
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Basin, which has exhibited a decrease over the last
decade. However there are daily and seasonal
variations as highlighted by the detailed (daily) time
series carried out at Erdemli.
(4) At Erdemli, crustally derived elements exhibit
seasonal trends in their concentrations (transitional>summer>winter) owing to a greater frequency
and intensity of dust events during the transitional
period.
(5) It was observed at Erdemli that all elements (except
Pb and Cd) exhibit their lowest cocentrations in the
winter period due to a greater washout effect and/or
rapid air mass recharge.
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