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Abstract. The factors controlling the variability of atmospheric 
trace metal concentrations over the western Mediterranean Sea have been 

investigated using a combination of geochemical and meteorological 

approaches. A1, Br, Cd, Na, Pb and 210po concentrations from bulk 
filters and cascade impactor samples collected during five cruises 
(1980-1983) have been used to characterize the aerosol sources: the 

marine source (Na), the aeolian soil mobilization (A1), the anthropic 
sources (Cd, Pb), and the volcanic source (210po). It has been confirmed 
that Cd and Pb directly derive from anthropic sources. As shown by 

three-dimensional air mass trajectory analyses, the variability of daily 
atmospheric concentrations reflects both changes in continental source 

strengths and in airflow patterns. Atmospheric concentrations appear to 
be higher during episodes of short-range transport of continental material 

from riparian countries. It is suggested that such source regions can be 

precisely identified by a careful examination of both geochemical data 

and three-dimensional trajectories. From our data set, southwestern 
Europe would be responsible for the largest Pb and Cd inputs to the 

western Mediterranean atmosphere (30-40%), but the inputs from North 

Africa are also likely to be significant (20-25%). However, it cannot be 
ascertained whether this conclusion is valid on a yearly time scale. 

Indeed, whereas our sample set is representative of the yearly airflow 
climatology, it has not been possible to assess the effect of seasonal (for 
Pb) or sporadic (for A1) changes in source strengths. This points out that 

over such a marine environment, continuous sampling programs are 

needed to assess the respective contributions of individual source regions 

to the atmospheric burden of particulate trace elements. 

1. Introduction 

On the basis of previous analyses of aerosol samples throughout the 

western Mediterranean, it has been observed that atmospheric trace metal 

concentrations are generally high compared to those found over remote 
marine environments and are highly variable on a daily time scale 
[Arnold et al., 1982; Chester et al., 1984; Arnold, 1985]. Moreover, it 

has been suggested that a substantial fraction of metallic input entering 

this sea derives from industrial sources via atmospheric transport 
[Arnold, 1985]. Such a transport could cause 10-20% of the European 
anthropic emissions of particulate Cd, Cu, Zn, and Pb in the atmosphere 
to enter the waters of this basin. However, quantitative assessment of 

this input is difficult because of the strong variability of atmospheric 
elemental concentrations. This variability can be due to changes in both 
source strengths and airflow patterns. Our present objective is to show 

that the combined use of geochemical informations and air mass 

trajectories supports this hypothesis and that such an approach can lead 

to a quantitative assessment of the different sources and source regions 
for the atmospheric pollution over a regional sea. In a subsequent paper 
we will focus on the removal of aerosol particles by wet and dry 

deposition to the sea surface. 
This work is based on measurements of A1, Na, Br, Pb, Cd, and 

210po concentrations in the western Mediterranean aerosol. These 

elements have been chosen because of their potential use as geochemical 

tracers. Among the main sources for inorganic particles in the 
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troposphere [Hidy, 1984], three natural sources have been clearly 
evidenced in the western Mediterranean [Arnold, 1985]: the marine source 

producing sea-salt particles by bubble bursting at the sea surface 
[Blanchard, 1983]; the continental aeolian source, resulting from the soil 
dust mobilization by wind [Morales, 1979]; and the volcanic emissions 
from the two active volcanoes Mount Etna and Stromboli [Buat-Mdnard 

and Arnold, 1978]. Another important source for atmospheric particulate 
metals in the basin is the anthropic activity [Arnold, 1985]. As 
commonly used in litterature, Na and A1 were considered as the 

respective reference elements for aerosols derived from the sea surface and 

from the dispersion of soil material. Nearly 90% of the global Cd 
atmospheric emissions and 97% of the Pb emissions [Nriagu, 1979] 
derive from human activities, and these two elements have been 

considered as tracers for anthropic pollution. Of the European Pb 
emissions, 60% derive from vehicle exhaust [Pacyna, 1984] due to 
gasoline alkyl-lead additives. Such products contain Pb mixed (Br-C1) 
halides, so that a correlation can be found between Br and Pb 

concentrations in the Mediterraneean aerosol [Arnold, 1985], although Br 
is also produced by the marine source [Kritz and Rancher, 1980]. 
Volcanoes are the main source for 210po, and it has been shown that th• 
excess of 210po over 210pb (210po/210pb activity ra.tio > 0.25) 
unequivocally results from the presence of submicrometer volcanic 
aerosols [Lambert et al., 1982a, b]. 

2. Materials and Methods 

Samolin• 

Atmospheric samples were collected from a bow tower extending 

forward of the ship (R/V L• N0roi•, R/V Le Surolt, or R/V Le Cornide 

de Savetirol) 8 m above sea level, using wind direction control to avoid 

contamination from the ship. Acid washed Whatman © 41 filters were 
used for collection. Sample change on board was performed inside a 
dust-free laminar flow bench using ultra-clean procedures. Blank filters 
were subjected to all the manipulations made on the filters, except air 

filtration. These sampling techniques have been previously described by 
Buat-M6nard and Chesselet [1979], Seghaier [1984], and Arnold [ 1985]. 
Seventy-two bulk aerosol samples (double filter; diameter, 7.5 cm; 
airflow, 8.5 m 3 h-l) have been collected on a daily time scale during five 
cruises throughout the western Mediterranean: (1) ETNA 80 (September 

1980]; (2) PHYCEMED 81 (April 1981); (3) ALBORAN 81 (October 

1981); (4) ETNA 82 (December 1982); and (5) PHYCEM/•D 83 
(October 1983). Sampling locations during these five cruise tracks are 
shown in Figures 1, 2, and 3. Details of the sampling locations and 
conditions have been published elsewhere JAmold, 1985; Dulac, 1986)]. 

A Sierra © 235 slotted cascade impactor has been used to collect 18 
additional 1 to 5-day, size-separated aerosol samples. This impactor is a 
five-stage high-volume sampler. At the operational flow rate of 68 m 3 
h -1, the cutoff diameters experimentally determined for solid spheres of 
methylene blue are as follows from the stage 1 to 5: 7.2; 3; 1.5; 0.95 
and 0.49 I. tm [Knuth, 1979]. A backup filter collects the smallest 
particles. The cutoff diameter can be considered as the lower limit size 
for particle collection on the given stage, although the separation is not 
perfect. There is also evidence that the experimental mass-size 
distributions of aerosol particles are shifted towards small particles, as a 
result of bounce effects [Walsh et al., 1978; Buat-M6nard et al., 1983]. 

However, the total elemental concentrations from the two sampling 
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Fig. 1. Sampling locations during the ETNA 80 and ALBORAN 81 cruises. 
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systems, bulk filtration and cascade impaction, were found to be 
statistically comparable [Dulac, 1986]. 

Analytical Methods 
_ 

Direct a and b counting of 210pb and 210po activities [Polian and 
Lambert, 1979] have been performed on filters from the ETNA 80 and 
82, and PHYCEMED 83 cruises. Flameless atomic absorption 
spectroscopy and instrumental neutron activation analyses ("long" or 

"short" procedure) were performed on aliquots of the filters. 

Intercalibrations have been made to allow the full comparison of results 
from these three analytical procedures [Seghaier, 1984; Dulac, 1986]. 

Aliquots of most bulk filters and some impactor filters have been 
analyzed by flameless a[omic absorption spectroscopy for A1, Pb and Cd, 

after a HNO3-HC1 dissolution procedure [Seghaier, 1984; Ezat, 1986]. A 
Perkin Elmer model 2380 spectrometer equipped with a graphite furnace 
model 400 was used. A European standard reference material (876-1/ 

Electric Furnace Dust from the European Coal and Steel Community, 
1977) was used to verify the calibration by elemental standards. 

An aliquot of each bulk filter from the first three cruises has been 

analyzed by "long" neutron activation and counting for Br and Na, while 
an aliquot of each bulk and impactor sample from PHYCEMED 83 has 

been analyzed by "short" neutron activation analysis for A1, Br and Na, 

using the irradiation and counting facilities provided by the Laboratoire 
Pierre SQe, Centre d'Etudes Nucl•aires at Saclay, France. The filter 

aliquots were pelletized in a Plexiglas liner, using a hand press (pellet 

size: 10 mm in diameter, 4-6 mm in thickness). The long procedure 
consisted of irradiation in a thermal neutron flux of 10 TM n cm -2 s -1 for 1 
hour in the 70 MW research reactor OSIRIS of the Centre d'Etudes 

Nuc16aires. The samples were cooled for about 4 days and counted for 1-3 

hours on a 110 cm 3 Ge(Li) detector. The short procedure consisted of 
irradiation in a thermal neutron flux of 2.45 x 1013 n cm -2 s -1 for 1-4 

mn in the 14 MW research reactor ORPHEE at Saclay. The samples 

were counted for 300-600 s after 2 to 12-mn cooling, on a 50 cm 3 Ge(Li) 
detector, and were analyzed using an automated method [Delmas et al., 
1987]. The single-comparator method was used throughout the neutron 
activation analyses [Girardi et al., 1965]. Multielemental calibration was 
made with elemental standards, and verified with international standard 
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Fig. 2. Sampling locations during the PHYCEMED 81 and ETNA 82 cruises. 
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reference materials (USGS W-1/Diabase from the U.S Geological 
Survey; SRM 1632/Trace Elements in Coal, and SRM 1633/Trace 
Elements in Coal Fly Ash, from the National Bureau of Standards) 
[Dulac, 1986; Delmas et al., 1987]. 

Results have been corrected for blanks on the basis of analyses of 
precleaned blank filters handled on the ship. Several filters from each set 
were analyzed so that we could take into account the variability of blank 
values to calculate relative errors on the final results [Dulac, 1986]. 
Mean relative errors have been estimated to be 10% for Cd and 12% for 
Pb analyses [Seghaier, 1984]. The mean statistical errors for neutron 

activation analyses, expressed as 2S, calculated according to the standard 
relation of Curtie [1968], and taking into account blank errors, are 
generally less than 10% for A1 and Na analyses and about 30% for Br 
analyses. 

Air Mass Tra_iecl•orie$ 

The transport of aerosol particles is highly dependent on the mean 
motion of the air parcel in which they are suspended, as their deposition 
velocity is generally low compared to the horizontal velocity of the air. 
In order to assess the transport of aerosol particles from their source 

regions, air mass trajectories have been computed during the sampling 
periods by the Service des Etudes Sp6ciales, M6t6orologie Nationale, 
Paris. Four-day back trajectories finishing at the midpoint of each 
sampling time have been computed using two different models. For the 
ETNA cruises, trajectories are based on winds calculated from the 
geopotential fields using the geostrophic approximation (Isobaric model: 
Sykes and Hatton [1976]; Martin et al. [1984]). Two trajectories were 
computed at the 850- and 700-hPa levels. For the other samples, 
trajectories are three-dimensional, arriving at the 925-hPa final level, and 
computed from the analyzed wind fields of the European Center for 
Medium-Range Weather Forecasts of Reading, England [Lorenc et al., 
1977]. Comparisons between the two types of models [Martin et al., 
1987] or between isentropic and isobaric models [Artz et al., 1985] have 
shown a.good agreement, except for frontal or high-pressure situations 
for which large vertical air motions cause misleading results for 
constant-level trajectories. Also, uncertainties occur for both constant- 
and variable-level trajectories during periods of precipitation. Such errors 
are due to important vertical motions of the air on a scale too small for 

the meteorological observation grid. Most of these trajectories have been 
published by Arnold [1985] and Dulac [1986]. 

In order to distinguish between the main source regions, trajectories 

ao bo 

Fig. 4. Sector partitioning for the geographical classification of air mass trajectories. (a) This work, six sectors (south, 
west, northwest, northeast, east and Mediterranean sea); (b) GESAMP (1985): Miller's four sectors with the miscellaneous 
or cyclonic class reported in figure 8a missing (south, west, north, east), and Martin and Strauss's five sectors (south, 
west, northwest, northeast and east). 
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Fig. 5. Limits for separation between short trajectories (dotted area) and 
long trajectories for a four-day transport. 

have been partitioned into geographical sectors. Such an approach, first 
developed by the National Oceanic and Atmospheric Administration 
(NOAA) Air Resources Laboratory, has been widely used to get airflow 
climatologies for many places in the world, in order to study long-range 
transport of aerosol and acidity [Miller et a1.,1978; Miller, 1981a, b; 
Henderson and Weingartner, 1982; Martin et al., 1984; Dayan et al., 
1985; Miller and Harris, 1985]. Two such airflow climatologies have 
been determined for the center of the western Mediterranean basin over a 

period of 9 years (January 1975 to December 1983) [Joint Group of 
Experts on Scientific Aspects of Marine Pollution (GESAMP), 1985]. 
They show that year-to-year variations of airflow patterns are as large as 
seasonal variations. 

We have considered a close sector partitioning (Figure 4) to classify 
each of our samples according to the corresponding airflow direction. 
This six-sector partitioning allows us to distinguish between the main 
emission areas: (1) Atlantic, Iberian Peninsula and Southwestern France 
(west sector); (2) Western Europe (northwest); (3) Eastern Europe 
(northeast); (4) Africa (south); (5) Italy and the sea surface (local 
Mediterranean); and (6) Greece and the Middle-East (east). Moreover, we 
have made an additional, crude classification to separate the trajectories 
into long and short ones in order to evaluate the influence of riparian 
countries: short trajectories can be assumed to disclose aerosol transport 

only from nearby countries, and long trajectories can be assumed to 
disclose transport from both faraway and close source regions. Four-day 
back trajectories were associated with close source regions, when limited 
to the dotted area in Figure 5. Changes in airflow patterns are generally 
smooth enough so that evolutions may be assessed between successive 
trajectories• and a single trajectory at the midtime of each sampling 
period is sufficient to classify the samples. 

3. Results 

Almospheric Concentrations 

Variations of A1, Na, Br, Pb, and Cd bulk eoncentrations are 

presented in Figure 6. Bulk results have been published by Dulac [1986]. 
The results disclose a great variability of elemental concentrations on the 
daily sampling time scale, as concentrations may change by a factor of 
10-20 between two successive samples. The sample PHYCEMED 81/13 
shows very anomalous Br and Na concentrations and sea spray 
contamination must be suspected. These concentrations have been 
discarded from the statistics summarized in Table 1. It can be seen that 
each cruise exhibits specific patterns: (1) ETNA 80, lowest A1 
concentrations; (2) PHYCEMED 81, strong variability for all elements 
and high Br and Na concentrations; (3) ALBORAN 81, low Br and Na 
concentrations, low Cd and Pb concentrations (the high-Cd arithmetic 
mean is due to a single high value), and high A1 concentrations; (4) 
ETNA 82, lowest Cd and Pb concentrations; and PHYCEMED 83, mean 
values close to the mean values observed for the five cruises. Depending 
on the element, there are variations by a factor of 2-4 between the 
average concentration from one cruise to another. The probability that 
differences occur between the set of samples from the different cruises 
has been calculated using an analysis of variance (AOV) and the ½2 
probability function [Van der Waerden, 1967]. Despite the great 
variability of all elemental concentrations during each cruise, differences 
are significant at the 99.99% level for A1, Cd, and Pb. This probability 
is lower for Na and Br (about 79%). Indeed, Table 2 shows that each 
cruise Occurred under quite different airflow conditions. 

The mean mass-size elemental distributions are presented in Figure 7 
for the PHYCEMED 83 sampling cruise. Results show that the 
concentration of each element is subject to variations of at least 1 order 
of magnitude from the less loaded to the more loaded size class. 
Although variations of more than 1 order of magnitude can be found 
between the elemental concentrations from one sample to another, the 
mean mass-size elemental distribution profiles were found to be 
conservative [Dulac, 1986]. This indicates that the high variability 
observed for the total concentrations similarly affects the whole size 
distribution spectrum. 

! 

Fig. 6. Atmospheric concentrations (in nanograms per cubic meters) of Na, A1, Pb, Br, and Cd, in the western 
Mediterranean observed during five cruises (1980-1983) (X-axis: reference number of samples). 
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TABLE 1. Summary Statistics of Atmospheric Concentrations in the Western Mediterranean 

Element 

-3 
No. of Concentration, ng m 

Cruise Median Arithmetic Mean Geometric Mean 
Samples 

Min. Max. 

A1 ETNA 80 19 37 331 160 168 (79) 150 (1.70) 

PHYCEMED 81 14 36 1355 297 409 (423) 232 (3.23) 

ALBORAN 81 7 38 1085 331 447 (362) 300 (3.04) 

PHYCEMED 83 16 103 1205 168 380 (360) 264 (2.33) 

ALL 56 36 1355 184 324 (327) 214 (2.47) 

Br ETNA 80 19 3.6 23.2 10.8 11.6 (4.5) 10.8 (1.51) 

PHYCEMED 81 13 8.0 29.9 18.7 19.1 (7.5) 17.6 (1.57) 

ALBORAN 81 7 4.2 15.4 10.0 9.4 (4.4) 8.5 (1.66) 

PHYCEMED 83 16 6.0 24.4 14.5 14.0 (6.0) 12.8 (1.59) 

ALL 55 3.6 29.9 12.9 13.8 (6.5) 12.3 (1.64) 

Cd ETNA 80 19 0.19 9.40 1.93 2.69 (2.69) 1.48 (3.50) 

PHYCEMED 81 14 0.05 9.33 1.09 2.02 (2.65) 1.04 (3.63) 

ALBORAN 81 7 0.28 5.07 0.51 1.21 (1.75) 0.66 (2.87) 

ETNA 82 16 0.20 2.40 0.65 0.89 (0.62) 0.71 (1.99) 

PHYCEMED 83 16 0.38 6.20 1.69 2.10 (1.70) 1.56 (2.27) 

ALL 72 0.05 9.40 1.21 1.88 (2.13) 1.10 (2.93) 

Na ETNA 80 19 294 3937 1105 1300 (956) 1030 (2.03) 

PHYCEMED 81 13 624 5466 2605 2855 (1575) 2405 (1.92) 

ALBORAN 81 7 157 2839 1510 1340 (981) 930 (2.88) 

PHYCEMED 83 16 693 3701 2085 2275 (1045) 2030 (1.68) 

ALL 55 157 5466 1600 1955 (1300) 1515 (2.20) 

Pb ETNA 80 19 11.5 118.1 48.3 51.8 (26.6) 45.2 (1.75) 

PHYCEMED 81 14 5.4 129.5 58.2 60.5 (38.7) 45.3 (2.52) 

ALBORAN 81 7 1.6 56.5 23.7 25.0 (17.8) 17.2 (3.17) 

ETNA 82 16 2.8 38.8 15.8 14.8 (9.6) 11.4 (2.27) 

PHYCEMED 83 16 6.2 144.0 26.5 34.9 (32.2) 26.7 (2.09) 

ALL 72 1.6 144.0 30.0 38.9 (31.8) 27.0 (2.60) 

Numbers in parentheses indicate standard deviation; Min. indicates minimum; Max., maximum. 

Airflow Patterns 

Figure 8 presents the results of our classification, together with the 
results of the two airflow climatologies. These climatologies give very 
close results [GESAMP, 1985]. Over 74 trajectories, six from ETNA 80 
have not been classified because of large differences between the constant 
850- and 700-hPa level trajectories. Four were classified from two 
sectors, with a weight of 0.5 for the frequency calculation. Our sampling 
seems to overestimate the west source region to the detriment of the 

northwest one. However, 15% of our trajectories exhibit air transport 
along the limit between these two sectors, and our subjective visual 
choice can easily explain this shift. Thus the resulting similarity allows 
us to consider that our data set is representative of the different airflow 

patterns for the western Mediterranean atmosphere. Moreover, a good 
agreement of meteorological situations during sampling with statistical 
climatologies [Reiter, 1975] has also been found [Dulac, 1986]. 

Figure 9 exhibits the mean atmospheric concentrations according to 
the sector of air mass trajectories, and Table 3 exhibits the mean 

concentrations resulting from the short- and long-trajectory 
classification. The probability that differences exist between sectors (Fast 
excepted) has been calculated by AOV. Temporal changes in source 
strengths could be a source of variance in the data. Although not yet 
documented, seasonal changes should be significant in the case of Pb, as 
road traffic is likely to be drastically more intense on coastal areas during 
summer holidays. However, no sampling was carded out in May, June, 
July, and August, so that this seasonal change is not taken into account. 

This may indeed affect the representativity of the Pb data on a yearly 
time scale. 

4. Discussion 

Validity of the Tracers 

The basic approach for source identification is to consider the two 

major aerosol sources in terms of mass (the ocean and the earth's surface) 
and to characterize these with reference elements (Na and A1 respectively) 

in order to calculate elemental enrichments in the aerosol particles, using 

bulk seawater or the earth's crust composition as a normalizing factor, 

according to the previously published formula [Rahn, 1976] (see also 
Table 4). 

N•, AI: M0xine and crustal source. It can be seen from Table 4 that 

Na enrichments relative to crust or soil composition are not high: 

respective geometric means are about 27 and 9. Indeed, the Na/A1 
reference value for soil is only 0.89 [Vinogradov, 1959; Bowen, 1966], 
and the validity of Na as a tracer for sea-salt particles may be 

questionable [Arimoto et al., 1985]. Considering that A1 is a perfect 
tracer for crust-derived (natural or anthropic) aerosol and the mean crustal 

ratio of 0.29 for the NaYA1 ratio (see Table 4), we have corrected the Na 

concentration for a crustal contribution. The supposed marine Na 

concentrations (Nam) were calculated by the following formula: 

Nam= Na- 0.29 x A1 
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TABLE 2. Geographical Classification of Trajectories During Sampling 

Cruise Frequencies of Air Mass Origin, % 

West Northwest Northeast East South Local 

ETNA 80 50 4 19 0 0 27 

PHYCEMED 81 18 43 0 0 32 7 

ALBORAN 81 57 0 0 0 43 0 

ETNA 82 59 6 18 6 6 6 

PHYCEMED 83 50 6 18 0 0 26 

All Cruises 46.3 12.5 12.5 1.5 12.5 14.7 

Although the calculated crustal influence is generally negligible, 

corresponding to a Na/A1 ratio higher than 6, it becomes more than 10% 
when the Na/A1 ratio is lower than 3 and reaches more than 20% for a 

few samples. Therefore this emphasizes that Na should be carefully used 
as a tracer of sea-salt particles, in particular when considering continental 

or urban aerosols. As a consequence of mechanical emission processes, 
Na and A1 are mainly found in particles more than 3 !.tm in diameter 
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Fig. 7. Mean mass-size distributions during PHYCEMED 83 cruise 

(eight impactor samples, except for Pb and Cd: samples 13-4-5 and I 17). 

[Duce et al., 1976b; Rahn, 1976], 80 and 60% of their total mass 

respectively, on the first two impactor stages (Figure 7). 
Cd. Pb: Anthropic sources. The mean enrichment factors presented 

in Table 4 show that Cd and Pb are present in the atmosphere at much 
higher concentrations (at least 140 times more) than can be accounted for 

by the simple dispersion of soil or seawater. The long-range transport of 
anthropic aerosol has been recognized as the source for these enriched 
elements in remote marine aerosols. Their emissions occur in the vapor 

phase by high-temperature combustion processes and are followed by 
condensation [Rahn, 1976]. As a consequence, these enriched elements 

occur preferentially in the submicrometer fraction of the aerosol: 60-80% 

on the stage 5 and final filter (Figure 7). 

However, emissions from active volcanoes also occur in the vapor 

phase at high temperature, and the Mount Etna volcano, among others, 

has been recognized as a source for tropospheric heavy metals 
[Buat-M6nard and Arnold, 1978]. As a direct assessment of volcanic 

versus pollution sources is not possible from source strengths, we used 

the geochemical tracer 210po/210pb to assess the presence of volcanic 
aerosols in our samples. Among the 51 bulk aerosol samples from 

ETNA 80 and 82 and PHYCEMED 83, only seven samples exhibited 
excess 210po. Using the ratios of heavy metal/210po concentrations 
observed in the Mount Etna plume, it appears that the volcanic influence 
is less than a few percent of the heavy metal concentrations for these 

samples JAmold et al., 1982; Arnold, 1985]. Therefore we consider that 
volcanic inputs of trace metals to the western Mediterranean atmosphere 
are negligible. It must be noticed that owing to the westerly airflow, the 
situation could be somewhat different over the eastern Mediterranean. 

It is also known that enrichments of heavy metals in the organic 

surface microlayer of the sea [Piotrowicz et al., 1972] lead to high 

enrichments (1,000-10,000) of these elements in sea-salt particles 
[Weisel et al., 1984]. Approximately 15% of the total particulate Pb 
measured at Enewetak Atoll would be due to this recycling, although 

this Pb has a primary anthropic source [Settle and Patterson, 1982]. 

Enrichment factors relative to seawater (EFsw) have been calculated using 
the Mediterranean surface water composition (Table 4). Values of EFsw 

are so high (105-107 ) that recycling of heavy metals must be negligible 
in the western Mediterranean aerosol. This is even the case for the 

concentrations observed in the largest-particle fraction of the aerosol. 
Enrichment factors of Pb and Cd have been calculated for the several size 

classes given by impactor samples and for two samples showing either 
low or high Pb or Cd concentration. The results, presented in Table 5, 

show that enrichments are variable with the size class of particles. They 
exhibit a maximum value for the fine particles from impactor stage 5, 
corresponding to the minimum concentration of Na (Figure 7) and a 
minimum value for the largest particles from impactor stage 1. 
However, these minimum values (100,000-200,000) are 1 order of 

magnitude higher than the highest values observed on sea-salt particles 
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a. b. c. 

Fig. 8. Comparison of airflow climatologies and airflow during sampling. Figures 8a and 8c show comparison of airflow 
climatologies by Miller, and Martin and Strauss respectively [GESAMP, 1985]. Figure 8b shows airflow during 
sampling, this work. 

produced by in situ bubbling [Weisel, 1978, 1981]. The contribution of 
recycling from the sea surface to Pb or Cd concentrations is therefore 

less than 10% of their concentrations on the aerosol particles more than 
71,un in diameter. Moreover, it can be seen that the very high Br and Na 
concentrations observed for sample PHYCEMED 81/13 do not correlate 
with high Cd or Pb concentrations. 

Once Cd and Pb have been demonstrated to originate from anthropic 

pollution in the western Mediterranean aerosol, we may consider if they 
are tracers of specific sources. Pacyna et al. [1984], who calculated the 

yearly emissions of trace elements by anthropic sources in Europe, found 
that 80% of the Cd derives from primary nonferrous metal production 
(Zn-Cd and Cu-Ni smelters) and that 60% of the Pb derives from 

gasoline combustion, the other sources emitting at least 5 times less. As 
a matter of fact, Br can be used as a secondary tracer for the gasoline 
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Fig. 9. Mean atmospheric concentrations in the western Mediterranean and standard deviations (in) nanograms per cubic 
meter) according to the sector of air mass trajectory (number of observations between brackets): (a) Na; (b) A1; (c) Cd; and 
(d) Pb. Respective average concentrations plus or minus standard deviations are 1960 _+ 1300 ng m -3, 325 _+ 325 ng m -3, 
1.9 _+ 2.1 ng m -3, and 39 _+ 32 ng m -3. 
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TABLE 3. Mean Atmospheric Concentrations According to Distance of Air Transport and Emission Area 

Element Value 

Southern Western Northwestern All 

Trajectories Trajectories Trajectories Trajectories 

Short Long Short Long Short Long Short Long 

Na 

A1 

Pb 

Cd 

-3 
mean, ng m 2880 1650 2330 1090 3640 1900 2300 

sigma, ng m -3 1660 840 1160 430 1460 1300 1310 
n 8 0 9 14 5 2 29 21 

p, % 65.42 87.74 02.25 

-3 
mean, ng m 680 645 230 220 175 445 210 

-3 
sigma, ng m 400 410 245 165 100 385 195 

n 8 0 9 14 5 3 29 22 

p, % 90.02 51.56 99.78 

-3 
mean, ng m 56 3.6 56 19 68 38 51 27 

sigma, ng m -3 29 38 14 30 22 32 29 
n 8 1 9 23 5 4 30 37 

p, % 99.97 37.35 53.34 

-3 
mean, ng m 3.2 2.4 2.5 1.7 1.1 0.7 2.2 1.6 

-3 
sigma, ng m 3.4 1.8 2.4 0.6 0.3 2.1 2.3 

n 8 i 9 23 5 4 30 37 

p, % 56.76 75.99 32.88 

Here n is the number of values; p, the probability of difference between the two means after an 

analysis of variance (see text). 

combustion source, as it is added together with lead in gasoline 
[Elichegaray, 1980]. However, Br is also emitted by the marine source 
[Rahn, 1976]. Our results indicate that Br is not enriched relative to 

seawater composition (Table 4). However, halogens are known to be 

depleted relative to Na in the marine aerosol, as a result of their 

volatility and exchange between the particulate and the vapor phase 

[K_ritz and Rancher, 1980]. We could consider that Br from pollution is 
associated with the fine aerosol fraction and the Br from marine origin 
with the coarse fraction, as its mass-size distribution exhibits one 

maximum concentration for each of these size classes (Figure 7). 

Morever, impactor stages 1-3 exhibit a depletion of Br relative to Na m 
and seawater composition, while significant enrichments occur on the 

stage 5 and final filter (Table 5). Nevertheless, the volatilization- 
recondensation process should lead to the transfer of some Br of marine 

origin from coarse to fine particles. It is therefore not possible to clearly 
distinguish between marine and pollution influences on Br 

concentrations, but we can express such a mixed origin by the following 
formula: 

Br= a x Na m + b x Pb 

in which Br, Na m, and Pb are the concentrations of the respective 
elements; a is the Br/Na ratio in the sea-salt particles, assumed to be 
0.0062 as in seawater [Quinby-Hunt and Turekian, 1983]; and b is the 

Br/Pb ratio in the particles from vehicle exhaust, ranging from 0.13 to 
0.39 [Elichegaray, 1980], while the mean value for urban aerosol is 0.1 

[Rahn, 1976]. The preceeding formula can be expressed as: 

Br/Na m = a + b x Pb/Na m 

Using the available results (55 samples) the computation of a linear 

regression between Br/Na m and Pb/Na m has given: a= 4.54 x 10-3; b= 
0.124; and r2= 0.775 (probability> 99.9%). These values for a and b are 
quite consistent with the predicted values, allowing for the Br volatility. 

These results confirm the role of Pb as a tracer of leaded gasoline 
combustion and suggest a significant influence of this source on Br 

concentrations. Assuming that the Br load from gasoline combustion 

given by 0.124 x Pb, the contribution (in percent) of this source to total 
atmospheric Br is 12.4 x Pb/Br. We calculated that, on the average, 44% 

(c•= 27%) of Br in the western Mediterranean aerosol is due to long-range 

transport from continental urban sources. This is much higher than over 
remote marine regions. Indeed, data of Duce et al. [1983] indicate that 
this influence is rarely as high as 0.5% in the tropical Pacific aerosol. 

When considering the atmospheric concentrations of pollution- 
derived elements in several regions (Figure 10), the western 

Mediterranean aerosol pollution level appears intermediate between 
remote and continental urban or industrial aerosols. The variability is 

such that concentrations may be as low as over the remote North 

Ariantic [Buat-M6nard, 1979] or as high as over polluted areas [Rahn, 

1976; Viala et al., 1981; Gomes, 1984]. High concentrations should 

therefore be explained by the proximity of continental sources. As a 

matter of fact, it can be seen that the atmospheric concentrations are 

generally higher over the North Sea. This is consistent with the fact that 

countries bordering the North Sea are likely to be stronger sources than 

those bordering the Mediterranean basin [Pacyna, 1984, 1985]. 

Influence of Sectors of Air Traiectories 
_ 

on the Atmosr)heric Concentrations 
_ 

In the following section, geochemical informations and air mass 

trajectories will be used to provide evidence that changes in source 
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strengths, source regions, and airflow patterns are the reasons for the 

observed variability of atmospheric concentrations. It is noteworthy that 
observed average concentrations from each sector (Figure 9) may not be 
statistically representative of the yearly averages, because of the low 
number of samples associated with the different sectors. However, every 
standard deviation from Figure 9 or Table 3 is systematically high, 
suggesting that the same variability can be expected whatever the source 
region of the aerosol particles and their distance of transportation. Indeed, 
changes in source strengths, air mass dilution, or precipitation are likely 
to induce such a variability for limited source areas, while changes in 
airflow patterns (short/long-range transport from different source regions) 
induce changes in the mean atmospheric load. Such a variability is not 
observed as strongly over the remote ocean [Duce et al., 1983]. Air mass 
trajectories show that single changes in Mediterranean airflow patterns 
can occur temporarily for 1 or 2 days, for instance, because of a local 

low-pressure cell. Thus daily sampling is quite adapted to provide 
evidence of airflow and concentration variability in this region. 

Sodium. Our data of Na atmospheric concentrations in the western 
Mediterranean Sea (Table 1) are very close to those reported from 13 
samples by Prospero [1979]: our respective observation range is 
155-5470 and 510-3450 ng m -3, and arithmetic means are 1955 and 
2135 ng m -3. In fact, it has been observed that atmospheric Na 
concentrations over the sea are exponentially related to the wind speed 
[Woodcock, 1953; Lovett, 1978], and this has been verified over the 

western Mediterranean [Arnold, 1985]. After the AOV, the probability 
that the mean concentrations for the various sectors (Table 2) are 
different is only 54%, and this homogeneity reinforces the idea that Na 
results from a local sea-salt production and not from long-range 
transport. Moreover, AOV shows that there is no difference between the 

two groups of short and long trajectories (probability of difference: 
2.25 %; Table 3). 

Ah•minium. Contrary to Na, a significant influence of the air mass 

origin on the atmospheric A1 load (Figure 9) is clearly indicated by AOV 
(probability: 99.88%). The mean value for aerosols from the south (680 
ng m -3) is more than twice the mean value observed for the whole 
sample set (325 ng m-3). The west sector is also characterized by a high 
value (395 ng m -3) compared to the three other sectors (probability: 
99.94%). 

Our sampling exhibits three episodes of high dust transport: 
PHYCEMED 81/01-04; ALBORAN 81/02-03, and PHYCEMED 

83/04-07 (Figure 6). However, only the first two observed episodes seem 
to be related to transport from North Africa, as shown by air mass 
trajectories and satellite imagery [M. Desbois, personal communication, 
1985]. The third episode appears related to soil dust transport from 
southern Spain and suggests that Spain also contributes to large inputs 
of soil materials to the western Mediterranean. 

Cadmium. Values from the west, Northeast, and Mediterranean 

sectors are close to the mean of the whole sample set (1.9 ng m'3). The 
mean value from the northwest sector is significantly low compared to 
these three sectors (probability: 99.90%) and could be related to the 
lowest anthropic source strengths of Cd in southern France compared to 
the Spanish or Italian source strengths [Pacyna, 1985]. The mean value 
from the south sector appears higher than the mean from the three 
above-mentioned sectors. Although the difference may not be 
statistically significant (probability of difference: 85.14 %), the presence 
of Zn-Cd metallurgy in North African countries and the production of 
Cd-containing fertilizers in North Tunisia suggest that anthropic 
pollution are likely to be responsible for the high Cd concentrations 
from the south sector. 

Lead. The mean values from the different sectors are close to the 

mean of the whole sample set (39 ng m-3). The probability that values 
from the various sectors are different is only 59%. This situation should 
be related to the diffuse nature of Pb sources. Once again, it is noticeable 
that the south sector is not characterized by a low value. This might not 
be expected, since leaded gasoline consumption in North African 
countries (Morocco, Algeria, Tunisia and Libya) is about 4 times less 
than in Spain, France, and Italy (OCTEL data). However, emissions are 
likely to take place in coastal areas in North African countries, while the 

emisions are highly scattered throughout the European countries 
[Pacyna, 1985]. 
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TABLE 5. Enrichment Factors and Particle Size Fractions for Cd, Pb, and Br 

Impactor PHYC 83/I 3-4-5 PHYC 83/I 17 8 samples 

Stage EFsw(Cd) EFsw(Pb) EFsw(Cd) 

(x 10 -5) (x 10 -5) (x 10 -5) 

EFsw(Pb) 

(x 10 -5) 

2.0 1.8 - - - 

1.9 3.2 2.5 

8.5 13 5.0 

14 80 32 

85 740 300 

29 500 71 

1.4 

18 

50 

130 

1500 

740 

EFsw(Br) 

0.63 

0.50 

0.65 

5.6 

91 

29 

All stages 4.3 20 12 88 

Bulk filters 19 18 18 120 1.15 

Influence of Airflow Patterns 

Influence of the distance of transport on Pb/Cd ratio. It can be seen 

in Figure 6 that concentrations of elements of continental origin (A1, 

Pb, Cd) often vary in phase, suggesting changes in source strength or in 

polluted air mass dilution. However, sometimes variations are not in 

phase, suggesting a change in source region. The PHYCEMED 83/06 

sample presents such a specific variation in Cd concentrations, showing 
the influence of a source region having a specific source of Cd. The 

mapping of European anthropic emissions with a 1.5 ø grid net [Pacyna, 
1985] indicates that such regions exist and supports this hypothesis to 
explain the variability of interelemental ratios. Rahn [1981] used the 

ratio of noncrustal Mn/V to characterize several geographical source 
regions for the Arctic aerosol, and it has been shown that such ratios 

could be used as regional tracers [Rahn and Lowenthal, 1984; Thurston 
et al., 1985]. 

We applied such an approach using the Pb/Cd ratio. Indeed, this ratio 
does exhibit large variations according to the aerosol sources and, 

subsequently, in the marine aerosol, due to the different natures of the 
sources for these elements: diffuse for Pb and localized for Cd [Pacyna, 
1983, 1985]. Pacyna's [1983] results show that low values (5-15) can 
be expected in aerosols emitted by nonferrous metallurgy •,Cd source), 
while very high values (2,300) can be expected in aerosols from gasoline 
combustion (Pb source). Intermediate values are found in remote 

continental (64) or marine (26) aerosols [Rahn, 1976], and the mean 

ratio for the anthropic European emissions is 46 [Pacyna, 1983]. We 
present in Figure 11 the Pb versus Cd concentrations from our sample 
set. It can be seen that most values of the Pb/Cd ratio range from 15 to 

60 (arithmetic mean: 46; geometric mean: 24), thus tracing any mean or 
background aerosol. However, a few samples exhibit either high or low 
single values that should be attributed to aerosols from coastal pollution 
sources that were neither mixed nor diluted. Moreover, the highest values 

(170-230) may be attributed to large coastal urban areas, and the lowest 

to Cd-refining centers that can be found, for instance, near the coasts of 
southeast Spain or North Africa. 

Influence of the distance of transport on short and long traiectories. 
Table 3 shows that the mean atmospheric concentrations of A1, Pb, and 

Cd are 110, 90, and 40 % higher, respectively, when associated to close 
emission areas. This is only a rough estimation of the contributions 
from far away and close source regions, as air masses coming from far 
away are also loaded by close emission areas, which leads to reduced 

differences. Although the probability of a difference between short and 
long trajectories is sometimes low, especially for Cd (see Table 3), the 

difference should be significant, at least for A1 and Pb. Indeed, the 
highest concentrations associated with short-range transport are observed 
for each of the three sectors (south, west, and northwest) divided in close 

and far parts (Table 3). Such a difference can be explained by the lowest 

diffusion occurring, in the case of weak winds, and by the fact that 
meteorological situations associated with short-range transport should 

mainly be nonfrontal and consequently occur in the absence of 

precipitation. 
Influence of the airflow level. Variable level air mass trajectories 

give us the means to study the influence of the altitude of transport on 

the observed atmospheric load. Indeed, we can believe that the influence 
of emission sources will be at a maximum when air is transported 

within the boundary layer and at a minimum when transport occurs in 

the upper troposphere. Eliassen [1978] has assumed a 1000-m height for 
the boundary layer over Europe. In the present work we have assumed an 

average height of 1500 m (800 hPa) in order to take into account 
orographic effects around the basin. Variable level trajectories were 

computed for 40 sampling periods. Only 15% of them exhibit transport 
over 1500 m during the 3 days before sampling. The frequency of 

anticyclonic transport showing permanent flowing down of air is even 
lower, so that we are not able to present a statistical study of the 

respective influence of cyclonic/anticyclonic transport. Nevertheless, we 
present here some cases which illustrate the interest of coupling 

geochemical and trajectographic information, in particular, to point out 
source areas. 

The influence of local coastal sources on atmospheric concentrations 
during sampling associated with long-range air transport over 4 days can 

be illustrated by the PHYCEMED 83/17 sample. This sample exhibits 
the highest of our observed Pb concentrations (Table 1) and the highest 
concentrations of other pollution tracers during the cruise (Figure12): 

nonmarine S (Sxs; G. Bergametti, personal communication, 1986), and 
noncrustal Mn and V (Mnxs and Vxs; [Dulac, 1986]). The associated 
trajectory shows transport from the northeast sector (Figure12). On the 
other hand, it can be seen in Figure 12 that sample 15, filtered 3 days 
before, is associated with a similar northeast trajectory but exhibits the 

lowest concentration of Cd, Pb, and Vxs during the PHYCEMED 83 
cruise. A more precise look at the levels of air transport shows that the 
highest concentrations of sample 17 can be attributed to the long 
residence time of the air in the lower troposphere, where pollutants are 

emitted. Moreover, this air mass was transported over populated and 
industrialized areas of North Italy and the southeastern French coast. For 

sample 15 the sampled air mass had only spent a few hours at low level 
and mostly over the sea. The relatively low concentrations observed 
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Fig. 10. Pollutant atmospheric concentrations in some madne and continental environments. References: south pole 
[Zoller et al., 1974]; Enewetak Atoll [Duce et al., 1984]; North Atlantic [Duce and Hoffman, 1976; Duce et al., 1976a]; 
western Mediterranean, this work; North Sea [Peirson et al., 1974; Rahn, 1981]; Fos-sur-Mer [Gomes, 1984]; Marseille 
[Viala et al., 1981]; Paris [Rahn, 1981; Koutrakis, 1984]; Glasgow [McDonald and Duncan, 1978]; Jungfrau, Liege and 
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Fig. 11. Pb versus Cd concentration in the western Mediterranean aerosol: 

urban aerosol [Rahn, 1976]; mean for European anthropic emissions 
[Pacyna, 1983]; remote marine aerosol [Rahn, 1976]; mean aerosol from 
European Zn-Cd smelters [Pacyna, 1983]. 

should therefore not reflect a local origin as for sample 17 but the 
dilution of an air mass originating from eastern Europe. This 
interpretation is also supported by recent measurements of the isotopic 
composition of Pb, which have been performed on fractions of filter 
samples 15 and 17 [Maring et al., 1987]. 

Besides sample 15, the lowest concentrations of pollutants during 
the PHYCEMED 83 cruise have been observed for samples 09, 11 and 
12 (Figure 6). The associated trajectories (Figures 13 and 14) show that 
the air mass traveled over 850 hPa (1500 m) or did not travel over land 
under this level. It is possible to ascribe the Pb and Cd concentration 
peak of sample 10 (Figure 6) to the flow over industrialized south 

Sardinia under the 1000 m level, followed by a stay over the northern 
Tunisian coast (Figure 13). Such cases illustrate the validity Of 
computed back trajectories and the help they can provide to assess the 
daily concentration variability. Moreover, they point out the influence 
of the level of air during transport on the observed atmospheric load. 

Despite the interest in using variable level trajectories, a few cases 
could be found showing disagreement between trajectories and 
geochemical observations. Most of these cases are associated with rain 

events during the PHYCEMED 81 cruise [Dulac, 1986]. Indeed, the 
computed trajectories do not give indications of the precipitations that 
the air could have encountered during its transport, and the wash-out of 
aerosol particles by rain is likely to decrease atmospheric concentrations 
[Hirsch et al., 1981; Parungo et al., 1984]. Such decreases cannot be 

explained by air mass trajectory alone. Meteorological maps or in situ 
observations during sampling shotfid be used to verify the probability of 
rain. The grid of meteorological observations (scale of synoptic fields 
data greater than 200 km), in particular over seas, is too large to take 
into account localized meteorological phenomena such as storms, 
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Fig. 12. Air mass trajectories and atmospheric concentrations for samples PHYCEMED 83/15 and 17 (6-hour period 
between successive crosses on trajectories). 

orographic winds or coastal breezes. For instance, there are some cases of 
high Na concentrations associated with high wind speeds at sea level, 
while trajectories show short-range transport likely to be associated with 
low wind speeds. Such remarks demonstrate that care is needed when 
using trajectories and confirm their inaccuracy for rainy situations [Artz 
eta!., 1985]. 

Contributions From the Different Source 

Regions to the Trace Metal Inputs to the 
Western Mediterranean Atmosphere 

We used the observed mean concentrations for each sector previously 
discussed in order to estimate the relative influence of the different source 
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Air mass trajectories associated with samples PHYCEMED 83/09 and 10. 

regions on the mean atmospheric concentrations over the Western 
Mediterranean. It has been assumed that the input of a given element 
from a given source region is proportional to the product of its mean 
concentration by the frequency of transport from the associated sector. 

According to the results of airflow patterns given in Figure 8, the 
following frequencies of transport have been assumed: west, 41%; 
northwest, 16%; south, 15%; Mediterranean, 14%; northeast, 12%; and 
east, 2%. The contribution from the east sector was considered to be 

negligible. Results of respective contributions of each sector to the 
inputs of A1, Cd, and Pb are presented in Figure 15. Because of the 
dominant westerly flow, the Iberian Peninsula and southwestern France 

are likely to be the prevailing providers of atmospheric trace metals to 
the western Mediterranean atmosphere on a yearly time scale. As the 

aerosol residence time may be longer than 4 days, especially for the fine 
particles, air masses whose trajectories are limited to the Mediterranean 
local sector are probably loaded with particles both from Italy and other 
further emission sources. Hence Western Europe should provide about 
55-60% of the atmospheric mineral material over the basin, while 
20-30% would be transported from Africa. 

Heavv metals. Our calculations indicate that 3040% of the Pb and 

Cd over the Western Mediterranean derives from southwestern Europe 
(west sector). However, the major feature of Figure 15 is that transport 
from North Africa is as high as 20-25% of the total and is equal to or 
higher than transport from any other emission area except the west. This 
means that heavy metal pollution by North African countries is not a 
myth and should definitely be considered. The extrapolation of such a 
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conclusion to a yearly time scale will require a careful evaluation of the 

effect of seasonal changes in source strengths for each source region and, 
particularly, the effect on Pb concentrations (see section 3). 

A1BminhJm. It appears from our data set that A1 transport from 
Africa to the western Mediterranean is lower than from southwestern 

Europe. However, although our sample set can be considered as 
representative of a yearly time scale on the basis of meteorological 
considerations, it has to be stressed that the concentration range of A1 is 

probably not covered by our sampling, and this would particularly affect 
the mean value of the south sector. Indeed, the highest values observed 

in this work (1100-1400 ng m -3) are lower than reported values for 
Saharan dust transport episodes off Northwestern Africa (about 10,000 
ng m -3 [Prospero, 1979] or 5,170 ng m -3 [Buat-M6nard, 1979]) and 
even over the Mediterranean Sea (5,070 ng m -3 over the Thyrrehenian 

Sea [Chester et al., 1984] and about 8,000 ng m -3 over the northwest 
coast of Corsica in December 1985 (Bergametti, personal 

communication, 1986)). Thirty-four of such high dust transports have 
been registered over 10 years between 1968 and 1977 [Prodi and Fea, 
1978]. Since such events may dominate the atmospheric input to the sea 
surface on a yearly time scale, only continuous sampling is likely to 
allow a determination of their frequency of occurrence and intensity. 

5. Conclusion 

This work was focused on the processes affecting the variability of 
atmospheric trace metal concentrations in the western Mediterranean Sea. 
A1, Br, Cd, Na, Pb, and 210po concentrations from bulk filters and 
cascade impactor samples collected during five cruises (1980-1983) have 
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Fig. 15. Calculated influence of the different sectors on the input of A1, Cd, and Pb into the western Mediterranean 
atmosphere. 

been used to characterize the aerosol sources: the marine source (Na), the 

aeolian soil mobilization (A1), anthropic sources (Cd, Pb), and the 
volcanic source (210po). 

Na was verified as a convenient tracer for the marine aerosol source, 

except during high dust episodes when the crustal influence may account 
for more than 20% of its total concentration. Measurements of 210po 

indicate that volcanic activity is a negligible source for Cd and Pb in the 

western Mediterranean atmosphere, despite some sporadic influence in 
the Thyrrhenian Sea. Contrary to the observations made over the remote 

ocean, recycling of these heavy metals from the sea surface microlayer is 

negligible in the western Mediterranean Sea, whatever the particle size 
fraction of the aerosol. As a consequence, Cd is likely to derive from 

anthropic industrial sources, known to be nonferrous metallurgy plants 

in Europe, and Pb, as confirmed by correlation with Br, from leaded 
gasoline combustion. 

As shown by three-dimensional air mass trajectory analyses, the 

variability of daily atmospheric concentrations reflects both changes in 
continental source strengths and in airflow patterns. Moreover, the 
influence of close emission areas has been clearly pointed out. Average 

concentrations of elements from continental sources are 40-110% higher 

when the associated air mass trajectories are limited to the Mediterranean 

coastal countries over 4 days. Heavy metals concentrations may be 20 

times higher when the air has been transported under the 1500 m level 

over anthropic sources, and the knowledge of the level of air transport 
allows us to precisely point out source regions. When sources are close 
enough, it is even possible to use a characteristic interelemental ratio, 
such as Pb/Cd, as a tracer for the kind of aerosol sources: urban sources 

are associated with the highest values of the ratio, typically about 200, 
while the lowest, about 5, would be due to industrial sources. 

Finally, our data set has been used to evaluate the influence of the 

main aerosol source regions to the atmospheric burden over the Sea. 
Although southwestern Europe is responsible for the largest Pb and Cd 
inputs (30-40%), due to the prevailing westerly flow, the inputs from 
North Africa are also significant (20-25%). However, the existence of 

seasonal changes in pollution source strengths and sporadic but intense 
soil dust transport, suggests that only a continuous sampling strategy 
will enable us to assess the inputs of trace elements to the Western 
Mediterranean marine environment on a yearly time scale. 
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