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Abstract

This study aims at the determination of the mineral contribution to PM10 in the cen-
tral Mediterranean Sea on the basis of 7 yr of PM10 chemical composition daily mea-
surements made on the island of Lampedusa (35.5◦ N, 12.6◦ E). Aerosol optical depth
measurements are carried out in parallel while sampling with a multi-stage impactor,5

and observations with an optical particle counter were performed in selected periods.
Based on daily samples, the total content and soluble fraction of selected metals are
used to identify and characterize the dust events. The total contribution is determined
by PIXE (particle-induced X-ray emission) while the composition of the soluble fraction
by ICP-AES (inductively coupled plasma atomic emission spectroscopy) after extrac-10

tion with HNO3 at pH 1.5.
The average PM10 concentration at Lampedusa calculated over the period

June 2004–December 2010 is 31.5 µgm−3, with low interannual variability. The annual
means are below the EU annual standard for PM10, but 9.9 % of the total number of
daily data exceed the daily threshold value established by the European Commission15

for PM (50 µgm−3, European Community, EC/30/1999).
The Saharan dust contribution to PM10 was derived by calculating the contribution

of Al, Si, Fe, Ti, non-sea-salt (nss) Ca, nssNa, and nssK oxides in samples in which
PIXE data were available. Cases with crustal content exceeding the 75th percentile of
the crustal oxide content distribution were identified as dust events. Using this threshold20

we identify 175 events; 31.6 % of them (55 events) present PM10 higher than 50 µgm−3,
with dust contributing by 33 % on average.

The annual average crustal contribution to PM10 is 5.42 µgm−3, reaching a value as
high as 67.9 µgm−3, 49 % of PM10, during an intense Saharan dust event. The crustal
aerosol amount and contribution to PM10 shows a very small seasonal dependence;25

conversely, the dust columnar burden displays an evident annual cycle, with a strong
summer maximum (monthly average aerosol optical depth at 495.7 nm up to 0.28 in
June–August). We found that 71.3 % of the events identified from optical properties
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over the air column display a high dust content at the ground level. Conversely, the
remaining 28.7 % of cases present a negligible or small impact of dust on the surface
aerosol composition due to the Saharan dust transport processes over the Mediter-
ranean that frequently occur above the marine boundary layer especially in spring,
summer and early autumn.5

The solubility of different elements presents a large variability. In general, the solubil-
ity is lower in Saharan dust samples than for non-Saharan dust events. The solubility
also displays a marked dependency on size for Saharan dust samples. Crustal mark-
ers show two relative maxima in the size range 2.1–3.3 µm and 5.8–9 µm, generally
characterized by low solubility. Optical particle counter measurements present similar10

values of median radii for the dust size distribution. Conversely, elements mainly due
to anthropic sources display a maximum in the finest fraction, and a high solubility. For
instance, Fe, K, and Co present a very low solubility in the coarse fraction (8 % in the
size range 2.1–3.3 µm for Fe), while the finest fraction is characterized by high solubil-
ity (69 % in the size range 0.4–0.7 µm for Fe). A ionic balance analysis on multi-stage15

impactor samples shows that exchange reactions involving anthropic acids, and crustal
matter may play a significant role in cases of mixing. These reactions may affect the
solubility and bioavailability of the crustal elements.

1 Introduction

Mineral aerosol is produced by wind erosion and resuspension in arid and semiarid re-20

gions and contributes by about 45 % to the total atmospheric aerosol load (Duce at al.,
1991). In particular, the Sahara desert is the largest source of soil-derived aerosols,
with an annual emission estimated to be about 600 Tgyr−1 (D’Almeida, 1986; Marti-
corena et al., 1997). By comparison, estimates of global dust emission range from
1000 to 3000 Tgyr−1 (Zender et al., 2004).25

Mineral aerosols affect the atmospheric radiative balance through scattering, ab-
sorption, and emission of radiation (IPCC 2007; di Sarra et al., 2011), and by acting as
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cloud condensation nuclei (Levin et al., 1996). The investigation of the role that dust
plays on climate is among the main priorities to reduce uncertainties in future climate
projections (Engelstaedter et al., 2006).

Dust may also greatly increase the atmospheric levels of PM, adversely affecting air
quality. This effect is especially relevant in southern and eastern Europe (Escudero5

et al., 2005, 2007; Pederzoli et al., 2010; Gerasopoulos et al., 2006; Dayan et al.,
1991) due to the transport processes from Africa and the Arabian Peninsula and due
to the relatively low precipitation, which causes a long residence time of PM in the
Mediterranean atmosphere (Querol et al., 2009). Intense dust transport episodes may
cause health impacts due to the high levels of PM, to which transport of anthropogenic10

pollutants may be associated (Erel et al., 2006).
Thus, many recent studies have focused on the estimation of the African dust influ-

ence on air quality in southern European countries, and especially in Spain and Italy
(Rodriguez et al., 2001; Escudero et al., 2007; Perrino et al., 2008; Nava et al., 2012).
Recent analyses by Kallos et al. (2007) and Astitha et al. (2008) have shown that, in15

the period 2001–2005, desert dust is present in approximately 50 % of the days with
exceedances of the PM10 EU limit.

In addition, dust particles frequently act as reaction surfaces for reactive gases (Den-
tener et al., 1996; Levin et al., 1996), affecting atmospheric chemical processes. Dust
influences atmospheric chemistry also through modulation of the solar radiation, par-20

ticularly in the ultraviolet spectral range, thus influencing photochemical processes
(Casasanta et al., 2011; Meloni et al., 2003). Furthermore, observations in southern
Europe show that the atmospheric deposition of specific nutrients is enhanced by dust
input from northern Africa (Avila and Rodà 2002). Mediterranean marine regions are
highly influenced by crustal dust deposition, which may provide large amounts of nu-25

trients for phytoplankton (Béthoux et al., 1996; Guerzoni et al., 1999). However, the
processes that control the speciation and cycling of micronutrients in the surface ocean
after dust deposition are scarcely known (Baker and Croot, 2010), and the hypotheses
about biogeochemical responses to sporadic input of dust are controversial (Wagener
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et al., 2010). For this purpose, the study of the micro-nutrient solubility in aerosol is
particularly useful in determining their bioavailability and to understand the biochemi-
cal processes at the ocean–atmosphere interface.

Due to the range of mechanisms in which dust is involved, the characterization of its
evolution and chemical composition is very important, especially in the central Mediter-5

ranean Sea, where experimental studies are scarce. In this study we present the evolu-
tion of dust markers in aerosol samples collected on the island of Lampedusa through-
out the period June 2004–December 2010. The study aims at quantifying the Saharan
dust contribution to PM10 at the ground level and assessing its seasonal evolution also
in comparison with spectral aerosol optical depth, used as an indicator of columnar10

aerosol burden. Solubility of the different markers is also discussed with respect to size
distribution and aerosol sources, with the objective to quantify the fraction of each anal-
ysed element able to interact with the biological system (fertilization processes by Fe
or environmental toxicity by heavy metals).

2 Methods15

2.1 Sampling

Chemical and physical characterization of the aerosol samples collected at remote
sites is crucial to ascertain the influence of natural sources on PM. In this regard the
island of Lampedusa (35.5◦ N, 12.6◦ E), which is located in the central Mediterranean
Sea at least 100 km from the nearest Tunisian coast, is an ideal sampling site. The20

island covers a total area of about 20 km2; its soils are practically devoid of vegetation.
About 6000 inhabitants live stably in Lampedusa, but during summer this number sig-
nificantly grows due to its importance as a tourism destination. Industrial activities are
very scarce (fish canning industry). Local aerosol sources are very low, and the main
anthropic source arises from ships crossing the Mediterranean Sea about 100 km north25

with respect to the sampling site (Becagli et al., 2012). The aerosol sampler is posi-
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tioned on a 45 ma.s.l. plateau on the north-eastern coast of Lampedusa, at the Station
for Climate Observations maintained by ENEA (the national Agency for New Technolo-
gies, Energy, and Sustainable Economic Development of Italy). At this site continuous
observations of greenhouse gases (Artuso et al., 2009, 2010), aerosol properties (di
Sarra et al., 2011; Meloni et al., 2006; Pace et al., 2006), total ozone (Gomez Amo5

et al., 2012), ultraviolet irradiance (di Sarra et al., 2002; Meloni et al., 2005; Arola et al.,
2009; Mateos et al., 2013), surface radiation budget (di Sarra et al., 2008; Di Biagio
et al., 2010) and other climatic parameters are carried out. Aerosol optical properties
are measured with a multi-filter rotating shadow band radiometer (MFRSR; Harrison
et al., 1994). The MFRSR is a seven-channel radiometer which measures global and10

diffuse irradiances, and allows the determination of column aerosol optical depth at five
wavelengths (416, 496, 615, 671, and 869 nm). The measurement details and data re-
trieval are described by Pace et al. (2006). The aerosol PM10 daily sampling is carried
out by using a low volume sequential sampler (TECORA Skypost) in accordance with
EN12341. The sampling campaign was started in June 2004 alternating in sequence15

samplings of PM10, PM2.5, and PM1.0. Starting from 2007, only the PM10 sampling was
carried out on a daily basis. During the sampling period some interruptions occurred
due to technical failures. The sample collection was carried out at constant flow of
2.3 m3 h−1 over the time of 24 h; 47 mm diameter 2 µm pore Pall–Gelman Teflon filters
were used. In order to evaluate PM10 concentration (µgm−3), we used the gravimetric20

method: filters were weighted before and after sampling, and the sampling volume was
provided by the sampler. Before weighing, all filters were conditioned for at least 24 h
at a relative humidity of 50 % and temperature of 20 ◦C.

Additional 3-day resolution sampling with an Andersen 8-stage impactor working at
constant flow of 1.7 m3 h−1 was performed in Lampedusa in summer 2006. Each poly-25

carbonate membrane was used to determine the ionic composition and metal content
soluble at pH 1.5 and by HNO3-H2O2 in microwave oven (see Sect. 2.1).

The particle size distribution was measured at the surface using a Grimm 107 optical
particle counter (OPC). The Grimm was deployed at Lampedusa from 28 April to 9
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June 2008 measuring the segregated size distribution in 31 diameter channels between
0.25 and 32 µm with 1 min time resolution.

2.2 Chemical analysis

A quarter of each filter (the Teflon filter from the PM10 daily sampling, and the polycar-
bonate filter from the 8-stage impactor sampling) was extracted using about 10 mL of5

Milli-Q water in an ultrasonic bath for 15 min, and the ionic load (Na+, NH+
4 , K+, Mg2+,

Ca2+, F−, Cl−, NO−
3 , SO2−

4 , methanesulfonate – MS−, acetate, formate, glycolate, ox-
alate) was evaluated by 2 Dionex DX1000 and one Dionex DX500 ion chromatographs
working in parallel (Becagli et al., 2011). On another quarter of filter, the analysis of
selected metals was performed after extraction in an ultrasonic bath for 15 min with10

Milli-Q water acidified at pH 1.5–2 with ultrapure nitric acid obtained by sub-boiling dis-
tillation. In this way we derived the soluble fraction of the PM usually more available
for the ecosystem. This extraction was used for the determination of 13 elements (Al,
As, Ba, Cd, Cr, Cu, Fe, Mn, Mo, Ni, Pb, V, Zn) by inductively coupled plasma atomic
emission spectrometer (ICP-AES, Varian 720-ES) equipped with an ultrasonic nebu-15

lizer (U5000 AT+, Cetac Technologies Inc.) by using the internal standard calibration
procedure (100 ppb of Ge used as internal standard). Finally, the remaining half Teflon
filters were analysed by particle-induced X-ray emission (PIXE) technique (Chiari et al.,
2005; Lucarelli et al., 2011) in order to obtain the total elemental composition (solu-
ble+ insoluble). PIXE measurements were performed at the aerosol-dedicated experi-20

mental set-up (Calzolai et al., 2006) available at the LABEC laboratory of the National
Institute of Nuclear Physics (INFN) in Florence, equipped with a 3 MV Tandetron ac-
celerator. PIXE analysis was carried out on a reduced number of samples; therefore,
the total elemental composition is available for a restricted data set (December 2004–
December 2005, and January 2007–December 2008).25

The extraction procedure in accordance with the UNI EN 14902 2005 methodology,
by using HNO3 and H2O2 in a microwave oven, was applied for metal determination
to a quarter of the polycarbonate filters from the 8-stage impactor sampling. Actually,
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this procedure is not able to dissolve the silica matrix, and metals trapped in this ma-
trix cannot be completely dissolved especially in samples with high mineral content.
The efficiency of the extraction procedure was tested in PM10 certified standard (NIST
URBAN DUST 1649a), for Fe, Mn, Pb, Ba, and V. Recovery efficiencies were in the
range of certified standards. Then the amount of the metals determined applying this5

extraction procedure could be near to the total content. In the used standard, Al was
not certified, and the recovery efficiency of Al was determined by comparison with the
total Al content measured by PIXE in PM10 and PM2.5 urban aerosol. We found that
the average recovery efficiency of Al was of 75 % (unpublished data).

3 Results and discussion10

3.1 PM10 concentration and contribution of crustal aerosol to PM10

Figure 1 shows the daily values of PM10 in the period June 2004–December 2010. The
average PM10 concentration over the considered period is 31.5 µgm−3 (average over
1134 samples). In spite of the large variability in daily values, the mean value agrees
with those measured at Finokalia (35.5 µgm−3) and Erdemli (36.4 µgm−3), sites of the15

same typology (natural, rural) in the eastern Mediterranean region (Koçak et al., 2007,
and references therein). Conversely, these values are higher than those reported by
Pey et al. (2013) for rural background sites across the Mediterranean region likely due
to the different elevation of the sampled sites and the different dust impact.

The PM10 annual mean, even if calculated on different numbers of values, does not20

show a large interannual variability, ranging from 26.1 µgm−3 in 2005 to 33.9 µgm−3 in
2010. In spite of the mean annual PM10 being quite high, they are below the EU an-
nual PM10 standard for PM10 (40 µgm−3); 112 days (corresponding to 9.9 % of the total
number of daily data) exceed the daily threshold value established by the European
Commission for PM (50 µgm−3, European Community, EC/30/1999). The percentage25

of the exceedances is higher than admitted by the EU law: 35 daysyr−1, corresponding
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to 9.6 %. It has to be noticed that the annual mean values and the number of ex-
ceedances have to be calculated over 90 % of the year in order to be compared with
the limit imposed by the EU rules, but in our data set, although the whole year is cov-
ered by the sampling, only in the years 2007 and 2008 more than 80 % of the day in
the year is sampled.5

It is known that PM10 concentrations are strongly influenced by the occurrence of
African dust events over the Mediterranean region. In order to quantify the impact of
Saharan dust intrusion episodes on PM10 concentrations, the mineral content was es-
timated as the sum of the contributions of all the main crustal element oxides (SiO2,
Al2O3, Fe2O3, CaO, Na2O, MgO, K2O, TiO2), following the approach reported in liter-10

ature by several authors (Eldred et al., 1987; Malm et al., 1994; Miranda et al., 1994;
Marcazzan et al., 2001; Nava et al., 2012):

[crustal content] = 2.14[Si]+1.89[Al]+1.43[Fe]+1.40[Ca]+1.35[Na]

+1.66[Mg]+1.21[K]+1.67[Ti].
15

Some corrections were however applied to this formula to take into account the sea
salt contributions to Na, Mg, K, and Ca, which may be relevant on Lampedusa, and
possible anthropogenic contributions to the other elements.

In particular, the non-sea-salt (nss) Na+, nssCa2+, nssMg2+, and nssK+ fractions
were calculated by the 5-equation system reported below:20

nssNa = nssCa · (Na/Ca)crust

nssCa = Ca− ssCa = Ca− ssNa · (Ca/Na)seawater

nssMg = Mg− ssMg = Mg− ssNa · (Mg/Na)seawater

nssK = K− ssK = K− ssNa · (K/Na)seawater,25

where

ssNa = Na−nssNa = Na−nssCa · (Na/Ca)crust
21268
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and where Ca, K, and Mg represent the concentrations of these elements actually mea-
sured by PIXE in the samples. Na represents the concentration measured by ion chro-
matography in each sample. The concentration by ion chromatographic determination
was chosen for Na because of the high error in PIXE measurements for this element.
Besides, all Na salts are water-soluble, and then the soluble fraction can be consid-5

ered the total concentration. The “ss” and “nss” stand for “sea salt” and “non-sea-salt”,
respectively. For (Na / Ca)crust we used the value of 0.56, which is the mean ratio in the
earth’s crust (Henderson and Henderson, 2009); for (Ca / Na)seawater, (Mg / Na)seawater,
and (K / Na)seawater the values 0.038, 0.119, and 0.037 were assumed, respectively
(Henderson and Henderson, 2009), as they represent the mean ratios in bulk seawa-10

ter. Ratios are expressed as weight to weight [w/w]. In the Lampedusa aerosol, the cal-
culated mean non-sea-salt fraction for Na, Ca, Mg, and K are 11.2 %, 87.1 %, 36.9 %,
and 65.6 %, respectively.

Possible anthropogenic contributions to Al, nssK, and Fe were estimated by the use
of aerosol–crust enrichment factors (EFs), which were calculated with respect to Si15

using the upper continental crust composition in EF calculation (Henderson and Hen-
derson, 2009). Only few samples present EF higher than 10 for Fe and about 10 % of
the samples for nssK. However, since the nssK concentration is very low with respect
to the other crustal markers, we used also nssK for the crustal content calculation,
instead of recalculating its contribution from another oxide.20

Figure 2a shows the temporal evolution of the PM10 mass concentration and of the
crustal oxide content from January 2007 to December 2008, when continuous daily
sampling and PIXE analyses were performed. Daily values and 5-day running averages
correspond respectively to black and red dots and lines; only mean values of at least
3 days are shown. The percentage of crustal content on the PM10 value is shown in25

Fig. 2b, dots and lines respectively indicating daily measurements and 5-day running
averages. The average crustal content is 5.42 µgm−3, and reaches values as high as
67.9 µgm−3 during intense Saharan dust events.
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Due to the complexity of instrumentation for the total chemical analysis and in
particular for Si determination, other methods have been proposed for the quantifi-
cation of Saharan dust content. In particular, Escudero et al. (2007), by using only
PM10 measurements, estimated the daily net dust load in PM10 attributable to an
African episode in a given region by subtracting the daily regional background level5

from the PM10 concentration. Such a method was accepted by the European Com-
mission to establish guidelines for demonstration and subtraction of exceedances at-
tributable to natural sources under the Directive 2008/50 EC−1 on ambient air quality
and cleaner air for Europe (http://ec.europa.eu/environment/air/quality/legislation/pdf/
sec_2011_0208.pdf). The daily regional background level can be obtained by applying10

a monthly moving 40th percentile, instead of the less conservative method using 30th
percentile by Escudero et al. (2007), to the PM10 time series at a regional background
station after a prior extraction of the data of the days with African dust transport. By
applying this procedure to our data set, we obtain a good correlation with crustal con-
tent calculation by oxides for Saharan dust events (R = 0.852, n = 147), but the crustal15

content obtained following the method from EU guidelines is 1.79 times higher than
the one obtained from the sum of the metal oxides. Thus, it appears that the method
proposed in the EC guidelines for the determination of the Saharan dust contribution to
PM10 is not properly applicable to a site like Lampedusa ,which is characterized by a
very high contribution of background sources. Indeed, by considering the only sea-salt20

aerosol, it constitutes 28 % on average, and other species from other sources have to
be considered for evaluation of the PM10 background values (sulfate, nitrate, ammo-
nium). In this way the 40th percentile of PM10 represents a non-crustal background too
low for this site.

Alternatively, the crustal content has been estimated from a single tracer. The most25

commonly used marker is Al concentration (e.g. Rodriguez et al., 2012, and references
therein), considering that it represents 8.2 % of the upper continental crust (Henderson
and Henderson, 2009). Comparing the crustal content obtained in this way with that
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obtained as the sum of the crustal oxides, we obtain a very good correspondence
between the two data sets: R = 0.984, n = 698, and slope= 1.0.

The average non-crustal PM10 concentration, obtained by subtracting the crustal
content from the total PM10 concentration, is 25.7 µgm−3 (average over 698 samples
measured during the years when PIXE data are available). Over this data set 68 PM105

values are higher than 50 µgm−3 (9.7 % of the total, similar percentage to those found
for the whole data set 2004–2010), and 29 values (4.2 % of the total) of non-crustal
PM10 exceeded the threshold. In order to understand the causes of such exceedances,
it has to be considered that sea spray is the second most important aerosol source
on Lampedusa island. In the considered data set, sea spray accounts on average for10

8.6 µgm−3 (28 % of the PM10) and for 18.7 µgm−3 on days when the non-crustal PM10

is higher than 50 µgm−3.
A criterion based on the crustal content was defined with the aim of identifying Saha-

ran dust events. Cases with crustal content exceeding the 75th percentile of the crustal
oxide content distribution (corresponding to 5.44 µgm−3) were identified as dust events.15

Using this threshold we identify 174 samples characterized by a strong crustal contri-
bution; on average, for these samples dust constitutes 34 % of the PM10. However,
since PIXE analyses are available over limited time intervals, a different criterion appli-
cable to the whole data set was defined to identify Saharan dust events; this criterion
is based on the amount of nssCa measured with ion chromatography. We classify as20

dust events all cases with nssCa exceeding the 75th percentile of the nssCa distribution
(483 ngm−3). Although nssCa is only one of the elements used for the determination
of the crustal content, and the Ca determined by ion chromatography is about 75 %
of the total Ca during Saharan dust events (see Sect. 3.4), it displays a good correla-
tion with the crustal content (R = 0.869, n = 698, p < 0.01) and proves to be a reliable25

marker of Saharan dust events. The selection based on this threshold on nssCa results
to be slightly more restrictive than the one based on the total crustal content. Indeed,
by using the two criteria when both measurements are performed, we found that the
samples which exceed the nssCa concentration threshold are 85 % of those found on
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the basis of the total crustal content. Anyway, back-trajectory analysis shows that all
the selected events by nssCa are characterized by air masses at almost one altitude
(500, 1000 or 3000 ma.s.l.) arising from Sahara desert.

Measurements of crustal oxide content, PM10 mass concentration and the values of
their ratio when nssCa> 483 ngm−3 are shown in Fig. 2 by yellow, cyan and black open5

squares respectively.
By comparison, we use other identification methods based on ground-based mea-

surements of column aerosol optical properties (Meloni et al., 2008) and air mass back-
trajectory analysis (Pace et al., 2006; Pederzoli et al., 2010).

A characterization of the aerosol types present over the atmospheric column can10

be based on measurements of the aerosol optical depth at 495.7 nm (τ) and Ångström
exponent (α) calculated from the aerosol optical depth at 415.6 nm and 868.7 nm. While
τ is directly proportional to the aerosol column density (number of particles), α mainly
depends on the particle size distribution (low values of α indicate a prevailing role of
coarse particles). The combined use of τ and α allows the identification of different15

aerosol types, including dust: usually, high values of τ associated with low values of α
are typical of Saharan dust (Pace et al., 2006).

Figure 3 shows the behaviour of average values of α vs. τ for cloud-free conditions for
those days in which ionic composition measurements are available in the time period
between June 2004 and December 2010. The average values are calculated for the20

duration of each daily sampling. A total of 776 values are used. Red markers identify
the 193 (i.e. 24.9 % of the total) days with large dust amount selected on the basis of
the nssCa content (i.e. nssCa2+ > 483 µgm−3). As suggested by Pace et al. (2006),
the combined thresholds of τ > 0.15 and α < 0.5 are used to identify Saharan dust
events from the column optical properties. We found that 71.3 % (129 episodes) of the25

events identified using the optical properties (181, i.e. 23.3 % of the total) display a high
nssCa, while 28.7 % of the dust events selected by α and τ present low concentrations
of nssCa. A plausible reason for these results is that Saharan dust transport frequently
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occurs above the marine boundary layer, with small impact on the surface aerosol
properties.

Considering the dust events selected on the basis of nssCa, 55.4 % (i.e. 107
episodes) of the cases present α and τ outside of the expected range for dust events.
In these cases the Saharan dust intrusion occurs only in the lower atmospheric layers.5

In order to identify cases in which Saharan dust is largely dominant over the column, we
used more restrictive threshold values for τ and α (τ > 0.25 and α < 0.35). The number
of events complying with this limits decreases dramatically from 181 to 80 (i.e. 10.3 %
of the total). About 62.5 % of these 80 events display nssCa> 483 ngm−3. However,
no significant correlation between τ and PM10 or nssCa is found, suggesting that, even10

when the dust is very likely present in the lower and mid-troposphere simultaneously,
the behaviour observed at the surface is generally decoupled from what takes place
above.

A statistical analysis is carried out separately for each season. Table 1 reports the
seasonal occurrence of different dust transport scenarios occurring at Lampedusa.15

During the winter trimester, surface and columnar episodes appear decoupled also
when large surface or columnar episodes are taken into account. On the other hand,
the few large observed columnar episodes always correspond to events of dust at the
surface, suggesting that the aerosol flow at low altitudes and that a strong separation
between marine boundary layer and free atmosphere does not exist. The reader should20

note that during this season cloudiness represents an important limiting factor for the
detection of desert dust from optical measurements.

Spring and autumn present quite similar behaviours. Surface episodes occur in 29 %
of observations and appear to be independent from columnar episodes, which are
detected respectively in the 57 % and 45 % of cases; larger correspondences appear25

when intense columnar episodes are taken into account (66.6 % and 62.5 % respec-
tively), although a large number of cases are still observed only at the surface.

As in winter, in spring and autumn season columnar episodes strongly influence the
surface presence of dust particularly in autumn (96 % of correspondence). Considering
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intense columnar episodes, they do not increase the occurrence of a simultaneous
event at surface, indicating that the columnar amount of dust does not play the main
role in determining the presence of dust at surface in these seasons.

In summer, surface episodes present almost the same frequency of occurrence with
(45.6 %) or without (54.4 %) simultaneous columnar episodes. These results change if5

cases of intense surface episodes are considered, presenting a 70 % frequency that
the event takes place during a columnar episode.

This suggests that when large amounts of dust are present on the column, the
penetration in the marine boundary layer may be favoured, especially for long-lasting
episodes.10

Differently from the other seasons, in summer columnar events do not necessary
correspond to surface events, the frequency being 55.9 %, and the correspondence
further decreases when intense columnar episodes are taken into account.

In summer the presence of dust at surface and on the whole column shows the min-
imum correspondence, supporting the idea that the strength of the summer convection15

over the Sahara injects desert dust at high altitudes and that particles, advected over
the stable marine boundary layer, seldom influence the surface aerosol amount.

3.2 Seasonality of PM10 and Saharan dust events

Figure 4 shows the monthly distribution of PM10, nssCa, and τ for the period
June 2004–December 2010. The aerosol optical depth shows a marked seasonal pat-20

tern with spring–summer maxima. Previous studies reported that the dust optical depth
and vertical distribution show a large seasonal cycle, with elevated τ and a wider verti-
cal extension in spring and summer; the seasonal change is mainly controlled by dust
transport occurring over the boundary layer (Di Iorio et al., 2009). On the contrary,
PM10 and nssCa show no evident seasonal pattern, both in median values and in vari-25

ability, which is however lower during summertime. PM10 appears marginally higher
during spring. Since τ provides information on the entire air column, high values of τ in
spring and summer do not necessarily imply that a high aerosol load is present close
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to the surface, where PM10 and nssCa are measured. Nevertheless, peaks in the 95th
percentile occur in the same months for both PM10 and nssCa, confirming that very
high PM10 values are associated with dust, when the marine boundary layer shows
a weaker separation from the upper atmosphere.

Figure 5 reports the percentage of days of Saharan dust events occurring in each5

month as estimated from the column optical properties and from the threshold on
nssCa, and the number of days with PM10 > 50 µgm−3 expressed in percent. The fig-
ure shows a very different annual pattern of the percentage of Saharan dust days
identified from chemical and optical properties. The seasonal pattern of Saharan dust
events identified by optical properties shows a well-defined summer maximum, as also10

reported by several authors over the central Mediterranean region; conversely, the Sa-
haran dust days at the ground level show a very different pattern, with a high occur-
rence of events in March–April and October–November and minimum occurrence in
summer. Besides, the intensity of Saharan dust surface events in February, April and
October–November are more intense than those of other months. The mean percent-15

age of events at ground level and their intensity pattern agree with results found by
Pey et al. (2013) for the central Mediterranean Sea. Conversely, the minimum in per-
centage of Saharan dust event in summer was not detected by Pey et al. (2013) in the
analysed site in central Mediterranean. Besides, the difference between the results of
the two methods (optical and chemical) is maximum in summer. This evidence sug-20

gests that in summer air masses coming from Saharan desert overpass the boundary
layer over this area, and no significant mixing between inside and above the boundary
layer occurs. A previous study showed that in summer African dust episodes over the
western and central part of the Mediterranean basin have lower intensity than other
seasons and occur at high attitude. This is due to the presence of the Atlas Mountain25

barrier (2500 km extension and peak altitudes up to more than 4000 m a.s.l) that plays
a dominant role in local and mesoscale atmospheric circulation patterns (Pey et al.,
2013). Besides, higher stability of the marine boundary layer in summer than in the
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other seasons over the Mediterranean Sea (Dayan et al., 1989) prevents the mixing
between low and high atmospheric layers.

In spring and autumn the occurrence of Saharan dust days at the ground level is
higher than those over the column. As discussed previously, this is related to seasonal
changes in the convection intensity over the Sahara. This situation is typical of Saharan5

dust events determined by transport processes affecting the eastern part of Mediter-
ranean basin in spring and autumn. They are induced by cyclones moving eastwards
across the Mediterranean and/or north Africa, transporting dust at surface levels (Pey
et al., 2013).

The percentage of PM10 exceedances shows two maxima, in May and November;10

only the latter corresponds to a higher occurrence of Saharan dust events as revealed
by nssCa. Other sources have to be considered to explain the high percentage of
exceedances in May.

3.3 Size distribution and solubility of Saharan dust aerosol marker

The deposition of atmospheric particles to surface waters may provide nutrients to15

marine biological systems, and affect the marine productivity (Duce et al., 1991, Gallisai
et al., 2012). These processes may be particularly relevant for oligotrophic oceans
and for semi-enclosed seas, such as the Mediterranean. Most of the deposition in
the Mediterranean is associated with Saharan dust events. Bioavailability of nutrients
depends on several factors, and in particular on the size distribution of the deposited20

particles and on the solubility of the various elements. Thus, the determination of the
size distribution of the different elements and their solubility is crucial to understand the
potential impact of dust events on biogeochemical processes.

The solubility of several elements in HNO3 pH 1.5 was calculated for PM10 sam-
ples corresponding to Saharan dust and non-Saharan dust events. Median, mean, and25

standard deviations of the percent solubility are reported in Table 2.
The solubility of each element presents a large variability. The solubility is in general

affected by various processes, such as chemical speciation, mixing of different types of
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particles, size distribution, and aging processes. The large variability of the measured
solubility is attributed to the influence of these processes. In spite of this large variabil-
ity, usually the solubility is lower in Saharan dust samples than in non-Saharan dust
events, because, in the used extraction condition, only free metals, carbonates, oxide
hydrates, or complexes of the elements with organic compounds are solubilized. Con-5

versely, elements present as oxides or taking part in the silica matrices (i.e. the 66.6 %
main constituent of the upper continental crust) are not solubilized with this extraction
condition.

Metals emitted by anthropic sources are usually in more soluble form because of
the chemical speciation and their occurrence in the finest particle fraction. Becagli10

et al. (2012) reported solubility of about 80 and 70 % respectively for V and Ni from
heavy oil combustion sources. These values are slightly higher than those reported in
Table 2 for non-Saharan dust events; the cases included in Table 2 are relative to all
samples characterized by low crustal content, and not only those directly influenced by
heavy oil combustion (as it was the case for Becagli et al., 2012). The V and Ni solubility15

are however consistent with their solubility in the finest fraction of multistage impactors
(Fig. 6). Besides, the high concentration and solubility, up to 96 % for V measured in
the aerosol finest fraction of multistage impactors (Fig. 6), demonstrate the presence
of the anthropic source also in events characterized by high Saharan dust content.

The size distribution of various elements was determined from multi-stage impactor20

samples. Data from three days integrated sample characterized by high Saharan dust
content (23, 24, and 25 June 2006) are reported in Fig. 6. The sampled event rep-
resents a large columnar episode (τ = 0.39 and α = −0.05±0.09) with high aerosol
load and nssCa at the surface (PM10 = 57.4 µgm−3 and nssCa= 2050 ngm−3 mea-
sured 23 June 2006). The concentration of each marker for each impactor stage is25

obtained using different extraction procedures applied on different portions of the filter:
HNO3 +H2O2 in microwave oven and HNO3 pH 1.5 were used for all the elements;
in addition, extraction in ultrapure water was also used for Mg, Ca, and K. The three
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different extractions give information on the bioavailability of each elements also as
a function of the size of the particle in which they are present.

Figure 6 shows that not only the typical crustal markers (Si, Al, Fe, Ca, Ti, Mn) but
also elements having others sources (Mg, K, Ba) or present as trace in the crust (Li,
Sc) present two relative maxima in the concentration, respectively in the size ranges5

2.1–3.3 µm and 5.8–9 µm. Others trace elements taking part in the mineral matrix (Sr,
Rb, La,Y, Yb, Co) present only one large maximum in the range 2.1–5.8 µm. In the
examined event all the elements excluding Ca, Mg, Ba, Mn, Sr present in these coarse
modes solubility lower than 15 %.

The two maxima (2.1–3.3 µm and 5.8–9 µm) agree with the aerosol size distribution10

obtained from OPC data for Saharan dust events. In particular, during the OPC mea-
suring campaign in late spring 2008, all the days with significant dust contribution were
identified by applying the two criteria: (a) the concentration of nssCa> 483 ngm−3 and
(b) τ > 0.15 and α < 0.5. Four days satisfying the first criterion were used to derive
the aerosol size distribution. In three out of the four days also the criterion based on15

the column optical properties was satisfied. The size distributions of the four days with
nssCa> 483 ngm−3 were averaged; a fitting procedure was implemented to obtain the
modal parameters assuming that the particles are distributed as a multimode lognor-
mal function. Three different lognormal modes were identified, and their parameters
are listed in Table 3.20

More than 99 % of particles are in the finest mode with a median diameter at 0.29 µm.
A small fraction of the particles (0.12 % of the total particles concentration) are larger
than 1 µm. Conversely, the largest contribution to the total volume comes from the
second mode (49.1 %) as shown in Table 3.

The finest mode is related to an anthropic source mixed with a crustal one. In fact,25

elements having only anthropic source or both (Fe, K, Co, Pb, V, Ni, Cd) present a max-
imum in the finest fraction, which is characterized by relatively high solubility. For in-
stance, Fe present in the coarse fraction displays a very low solubility (8 % in the size
range 2.1–3.3 µm). A maximum of Fe concentration in the finest particles fraction ap-
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pears only when the soluble fraction is considered (Fig. 6), as a result of a strong in-
crease of solubility (69 % in the size range 0.4–0.7 µm) for decreasing size. It is known
that the solubilization is faster and more efficient for decreasing particle size because
of the increase in the available particles surface area for the same volume. Considering
spherical particles, the surface-to-volume ratio increases by a factor of about 5 passing5

from particles in the range 2.1–3.3 µm to 0.4–0.7 µm. Consequently, the increase of
solubility due to size between the two size ranges is expected to be of the order of 5.
The ratio of the solubility in the two size ranges is larger than 5, suggesting that the
increased solubility in the finest fraction is also due to a different speciation of Fe as
a function of size.10

A high solubility in the finest particles size is typical of most elements, except Si, Ti,
Al, La, Y, Yb, Sc, and Rb.

The solubility of various crustal markers (Si, Al, Fe, Ti, Li, La, Y, Sc, Rb, and Co) in
the 1–5 micron range is generally low, because they are present mainly as oxides or as
silicates, which are not soluble in HNO3 pH 1.5. On the other hand Ca, Mg, K, Ba, Mn,15

and Sr present a higher solubility in the same size range, suggesting that part of these
elements are present as chloride, nitrate, sulfates and carbonates in crustal aerosols.
The presence of carbonate can be estimated for Ca and Mg from the difference be-
tween the solubility in HNO3 pH 1.5 (red line in Fig. 6) and in H2O (blue line in Fig. 6).
Indeed, Ca and Mg sulfate, chloride, and nitrate salts are soluble in H2O; conversely,20

carbonates are soluble in acid condition (HNO3 pH 1.5). In this event the fraction of Ca
and Mg present as carbonates are 20 % and 18 % respectively in the 1–10 micron size
range.

Figure 7 shows the ionic balance calculated for each of the 7 stages of the impactor
on the water extract: anions and cations are summed separately in each stage. It can25

be noticed that nitrate, which is mainly due to the oxidation of anthropic NOx (then
expected to appear in the finest fraction), is mainly present in particles larger than
1 micron, similar to the main crustal marker (Ca). It is known that HNO3 formed in
the gas phase in the atmosphere undergoes exchange reactions with NaCl from sea
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spray, or with CaCO3 from crustal aerosols (e.g. Fairlie et al., 2010, and references
therein). The impactor data suggest that the exchange reactions with CaCO3 constitute
an important process in Saharan dust samples mixed with anthropic aerosols. This
process may lead to an increase in the solubility of CaCO3 and other carbonates.

The solubility of Ca, Mg, Fe, and Al is plotted vs. the sum of NO−
3 and SO2−

4 content5

in Fig. 8. The sum of NO−
3 and SO2−

4 is used to give an indication of the anthropic
acidic species capable of dissolving carbonate when they are absorbed over crustal
particles. Sulfate is mainly present in the finest fraction of aerosol, but its concentration
in the size range of crustal markers is not negligible (red area in the ionic balances in
Fig. 7), and then it can contribute, together with NO−

3 , to dissolving carbonate. Although10

several other factors may play a role (for instance the time of contact between the air
masses enriched in anthropic acidic species and those of crustal origin), an increase
of anthropic acidic species should produce an enhancement of solubility. In fact, in
spite of the uncertainties and the large variability, an increase in solubility appears to
be associated with elevated amounts of nitrate and sulfate, better evident for Ca and15

Mg. Thus, aging processes and mixing of crustal and anthropic aerosols during trans-
port from source areas to the sampling site are able to change the aerosol chemical
properties, and may affect solubility and, in turn, the bioavailability of crustal elements.

4 Conclusions

Daily PM10 samples collected at Lampedusa from 2004 to 2010 were analysed for total20

content and soluble fraction of selected elements and metals to determine the mineral
contribution to PM10, size distribution and solubility in the central Mediterranean Sea.
From these data the following conclusion can be drawn.

In spite of the distance from aerosol pollution sources, 10 % of the total data number
exceeded the daily threshold value (50 µgm−3, European Community, EC/30/1999) es-25

tablished by the European Commission for PM (35 days/year, corresponding to 9.6 %).
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Saharan dust content was evaluated by main oxides (Al, Si, Fe, Ti and non-sea-salt
Ca, Na, Mg, K) for samples for which a PIXE analysis was performed. On average it
accounts for 5.42 µgm−3, but during a strong Saharan dust event it reaches the value
of 67.9 µgm−3.

Regarding the seasonal pattern of Saharan dust events, while the column burden5

of desert dust displays an evident annual cycle, with a strong summer maximum, the
crustal aerosol amount, contribution to PM10 and percentage of Saharan dust events
do not show any seasonal pattern. We found that 71.3 % of the events identified us-
ing the optical properties (i.e. 23.3 % of the total) display high dust content at ground
level, demonstrating that Saharan dust transport frequently occurs above the marine10

boundary layer, and no significant mixing between inside and above the boundary layer
occurs. This is especially true in summer when, due to the generally higher stability of
marine boundary layer, the greatest difference between percentage of Saharan dust
events from optical properties and chemical markers is observed.

The size distribution of Saharan dust is achieved by optical particle counter measure-15

ments during days with high mineral content; an optimized fitting procedure is applied
to obtain the modal parameters assuming that the particles are distributed as a multi-
mode lognormal function. Three different lognormal modes were identified at 7.18 µm,
2.23 µm and 0.293 µm median diameters. A small fraction of the particles (0.12 % of the
total particles concentration) are larger than 1 µm. Conversely, the largest contribution20

to the total volume (49.1 %) comes from the 2.23 µm mode.
The crustal markers present two relative maxima in the size range 5.8–9 µm and

2.1–3.3 µm accordingly with particulate size distribution; both these modes present low
solubility of the element (e.g. 40 % and 8 % for V and Fe respectively). The third mode
in the finest fraction is only present for metals having anthropic sources other than25

crustal sources (K, Fe, V, Ni, Co, Pb, Cd). This fraction is also characterized by higher
solubility of the metal (e.g. 96 % and 69 % for V and Fe respectively) due both to the
size of particles and the source of the metal which is present.
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In general, solubility of each element presents a large variability in the condition of
extraction; usually in Saharan dust events the solubility is lower than in non-Saharan
dust events. Besides, solubility depends on the aging processes and mixing of crustal
and anthropic aerosols. Here we found that the percentage of solubility of Ca, Mg and,
to a less extent, Fe and Al increases as a function of the sum of NO−

3 and SO2−
4 content5

(arising from anthropic acidic species). This is interpreted as the capacity of the mixing
process to change the chemical properties of particulate matter especially on its sur-
face, not only affecting bioavailability of elements but also increasing the capability of
a particulate to form cloud condensation nuclei due to the increased affinity of aerosol
with water. The study of these processes is particularly important.10
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Table 1. Seasonal occurrence of different transport scenarios identified on the base of nssCa
on PM10 and τ and α from optical measurements. The number of cases and the percent with
respect to the total number of PM10 measurements are reported for each season. Four criteria
(1 through 4) to detect dust presence in the column and at surface are established, while their
combination is used to identify six possible scenarios (a through f) of dust transport. Surface
and large surface desert dust episodes correspond to values of nssCa respectively larger than
483 and 2·483 ngm−3. Episodes characterized by the dominant presence of desert dust aerosol
on the atmospheric column are identified when τ > 0.15 and α < 0.5, while intense transport
episodes are defined when τ > 0.25 and α < 0.35. Please note that the percentages in 1–4
refer to the number of occurrences in each season, while those in a–f refer to the number of
cases in 1–4.

Periods DJF MAM JJA SON

Number and frequency 133 (17.1 %) 229 (29.5 %) 271 (34.9 %) 143 (18.4 %)
of cases
1) Surface episode 37 (27.8 %) 68 (29.7 %) 46 (17 %) 42 (29.4 %)
a) Columnar episode 7 (18.9 %) 39 (57.4 %) 21 (45.6 %) 19 (45.2 %)
2) Large surface episode 23 (17.3 %) 36 (16 %) 13 (4.8 %) 24 (16.9 %)
b) Columnar episode 7 (30.4 %) 24 (66.6 %) 9 (69.2 %) 15 (62.5 %)
c) Large column episode 1 (4.3 %) 13 (36.1 %) 9 (69.2 %) 7 (29.2 %)
3) Columnar episode 8 (6 %) 66 (28.8 %) 77 (28.4 %) 30 (21 %)
d) Surface episode 8 (100 %) 49 (74.2 %) 43 (55.9 %) 29 (96 %)
4) Large columnar episode 1 (0.75 %) 33 (14.4 %) 36 (13.3 %) 10 (7 %)
e) Surface episode 1 (100 %) 23 (69.7 %) 18 (50.0 %) 8 (80 %)
f) Large surface episode 1 (100 %) 13 (39.4 %) 9 (25 %) 7 (70 %)
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Table 2. Median, mean, standard deviation of the mean and number of valid data for the per-
centage of metal solubility in samples classified as Saharan dust events and non-Saharan dust.

Saharan dust event Non Saharan dust events
Median Mean Std dev N. valid Median Mean Std dev N. valid

of the mean data of the mean data

Al 10.7 12.5 0.8 159 14.8 18.6 0.6 497
Fe 5.9 7.5 0.4 158 13.0 15.3 0.5 499
Ca 75.8 75.2 1.5 163 76.8 76.4 1.0 495
Mg 75.4 73.4 2.5 147 91.7 87.1 1.4 395
K 39.5 40.5 1.3 166 63.7 63.0 0.9 510
Mn 54.6 53.9 1.2 153 54.9 55.2 1.1 330
V 46.6 46.7 2.1 104 66.7 65.1 1.5 295
Ni 50.9 50.7 2.1 136 63.0 61.3 1.3 400
Cr 6.2 6.9 0.5 94 6.0 7.6 0.7 71
Cu 45.7 47.3 1.8 143 53.1 53.6 1.4 397
Pb 62.7 64.8 2.8 84 56.3 56.8 2.0 177
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Table 3. Aerosol size distributions and lognormal parameterization. Dv is the diameter charac-
teristic of the mode, and σ is the standard deviation related to the lognormal curve. V (%) and
N (%) are the percentage of particles belonging to the mode expressed as particle volume and
number respectively.

Dv (µm) σ V (%) N (%)

Mode 1 0.29 1.35 25.6 99.8
Mode 2 2.23 2.02 49.1 1.23×10−1

Mode 3 7.18 1.77 25.3 1.89×10−5
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Fig. 1. Temporal evolution of PM10 at Lampedusa in the period June 2004–December 2010.
The black dashed line represents the EU daily threshold value of 50 µgm−3. The red line is the
mean PM10 over the whole sampling period and the blue one represents the annual means.
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Fig. 2. (a) Temporal evolution of the PM10 mass concentration and of the crustal oxide content
for the period January 2007 to December 2008. Daily measurements and 5-day running means
are plotted respectively as black (red) dots and lines for PM10 (crustal content). Measurements
having nssCa> 483 ngm−3 are evidenced by cyan and yellow open square for PM10 and crustal
oxide content. (b) Temporal evolution of the mass ratio between crustal oxide content and PM10
for the period January 2007 to December 2008. Daily measurements and 5-day running means
are plotted respectively as green dots and lines. Measurements having nssCa> 483 ngm−3 are
evidenced by black open squares.
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Fig. 3. Averages of aerosol Ångström exponent vs. aerosol optical depth at 495.7 nm during
the period June 2004–September 2010 for the days with PM10 ion analyses and for cloud-free
periods, when aerosol optical depth measurements are possible. The red dots represent days
with nssCa> 483 ngm−3 (i.e. elevated dust at the surface).
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Fig. 4. Monthly distribution of PM10 (a), nssCa (b), and τ (c) for the period June 2004–
December 2010. The top and bottom of each box show the 5th and 95th percentiles. The
middle line shows the median value, and the dashed lines show the 25th and 75th percentiles.
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Fig. 5. (a) Percentage of Saharan dust events observed in each month identified from the
aerosol optical properties (black line) and from the nssCa amount (red line) and (b) percent
number of days with PM10 > 50 µgm−3.
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Fig. 6. Size distributions of main and trace elements during a Saharan dust event (23–26 June
2006) by using different solubilization methods: HNO3-H2O2 in microwave oven (black line),
HNO3 in ultrasonic bath (red line), and Milli-Q water in ultrasonic bath (blue line). The dashed
lines represent the instrumental detection limit for each element.
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Fig. 7. Ionic balance in each of the 7 stages of the multi-stage impactor for the sampling of
23–26 June 2006, characterized by a high crustal content.
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Fig. 8. Scatter plot of solubility in HNO3 pH 1.5, calculated with respect to the total elemental
content determined by PIXE, for Ca, Mg, Al and Fe as a function of the sum of nitrate and
sulfate for days characterized by high crustal content (nssCa> 483 ngm−3).
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