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Abstract. Measurements of aerosol chemical compositionalso using size segregated chemical measurements. These
made on the island of Lampedusa, south of the Sicily chandata show that elements arising from heavy oil combustion
nel, during years 2004-2008, are used to identify the in-(V, Ni, Al, Fe) are distributed in the sub-micrometric frac-
fluence of heavy fuel oil (HFO) combustion emissions on tion of the aerosol, and the metals are present as free metals,
aerosol particles in the Central Mediterranean. Aerosol samearbonates, oxides hydrates or labile complex with organic
ples influenced by HFO are characterized by elevated Ni andigands, so that they are dissolved in mild condition (HNO

V soluble fraction (about 80 % for aerosol from HFO com- pH1.5).

bustion, versus about 40 % for crustal particles), high V and Data suggest a characteristic ns%SN ratio in the range

Ni to Si ratios, and values of & > 6 ngnT 3. Evidence of  200-400 for HFO combustion aerosols in summer at Lampe-
HFO combustion influence is found in 17 % of the daily sam- dusa. By using the value of 200 a lower limit for the HFO
ples. Back trajectories analysis on the selected events shoeontribution to total sulphates is estimated. HFO combus-
that air masses prevalently come from the Sicily channel retion emissions account, as a summer average, at least for
gion, where an intense ship traffic occurs. This behavior sug4.2 ug nt3, representing about 30 % of the total ns%SO
gests that single fixed sources like refineries are not the mai8.9 % of PMy, 8% of PMys5, and 11 % of PM1. Within
responsible for the elevated V and Ni events, which are probthe used dataset, sulphate from HFO combustion emissions
ably mainly due to ships emissions. reached the peak value of 6.1 pgfron 26 June 2008, when

VSO|1 Ni50|1 and non-sea salt go (nssS@f) show a it contributed by 47 % to nsng, and by 15%to P%
marked seasonal behaviour, with an evident summer maxi
mum. Such a pattern can be explained by several processes:

(i) increased photochemical activity in summer, leading to1 Introduction

a faster production of secondary aerosols, mainly n§§SO

from the oxidation of S@ (ii) stronger marine boundary The lowest grade fuels (the so-called residual fuel oils or

layer (MBL) stability in summer, leading to higher concen- heavy fuel oils — HFO) are largely used in power plants and

tration of emitted compounds in the lowest atmospheric lay-in marine diesel engines. They contain large concentrations
ers. A very intense event in spring 2008 was studied in detail of sulphur and different ash forming metals, which contribute
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strongly to particle emissions (Agrawal et al., 2010). Itis dif- acidification and eutrofization of water and soil in coastal re-
ficult to distinguish atmospheric particles produced by powergions due to deposition of sulphur and nitrogen compounds
plants or refineries and by ship engines because of the mix{Derwent at al., 2005), and affect climate through sulphur
ing of sources having similar tracers and ratios between thencontaining particles (Devasthale et al., 2006; Lauer et al.,
(Viana et al., 2009). These sources are often grouped to2007), greenhouse gases (Stern, 2007), and absorbing black
gether in various studies aimed at source apportionment of atcarbon aerosols (Lack et al., 2009). Moreover, sulphate
mospheric aerosols (e.g. Amato et al., 2009; Mamanea et algerosol has an indirect climate effect influencing cloud struc-
2008). The simultaneous presence of elevated anthropic (inture and properties (e.g., Conover, 1966; Coakley and Walsh,
cluding refineries, power plants, and an intense ship traffic)2002)

and natural emissions in the Mediterranean make this region The present paper presents the first experimental identi-
one of the most polluted in the world (e.g., Kouvarakis et fication and quantification of Sfp from HFO combustion

al., 2000; Lelieveld and Dentener, 2000; Marmer and Lang-aerosol based on chemical analyses ofipPBamples col-
mann, 2005). Sudies on HFO combustion and ship emisiected at the island of Lampedusa in the central Mediter-
sions in the Mediterranean have been carried out mainly irranean Sea.

harbour areas and coastal cities by aerosol chemical analy-

sis and source apportionment (Pandolfi et al., 2011; Viana et

al., 2009; Mazzei et al., 2008). Assessement studies on thé Measurements and methods

role of sh|_p EMmISsIons In the Mediterranean basin are so farThe measurements were carried out at the Station for Climate
based on inventories and model analyses (e.g., Marmer et al

20009; Olivier et al., 2005; Eyring et al., 2005; Vestreng et al., Observations, maintained by ENEA (the national Agency for

2007) and show that the contribution of ships to air pollution New Technologies, Energy, and Sustainable Economic De-

in the Mediterranean atmosphere is significant, although Itsvelopment of Ita_Iy) at L_ampedusa (3318, 1.2'6) E). Lampe
e . .2 . “dusais a small island in the Central Mediterranean sea far at
quantification strongly dependent on the used emission in; - .
e o2 ) N . least 100 km from the nearest Tunisian coast. At the Station

ventory. The verification of ship emission inventories, and

particularly those in the open sea, against observations is g)r Climate Observations, which is located on a 45m a.s.l
' rplateau on the North-Eastern coast of Lampedusa, continu-

the open sea and to the complex involved atmospheric pro®YS observations of greenhouse gases concentration (Artuso
cesseps P P PrO&¢ al., 2009, 2010), aerosol properties (di Sarra et al., 2011;

; . . Meloni et al., 2006; Pace et al., 2006), total ozone, ultraviolet
In this context, studies performed in open sea far from

source of HFO combustion other than ships, are relevant ir%rradlance (di Sarra et al,, 2002; Meloni et al., 2004; Di Bi-

order to to investigate the current impact of the ship emis-2910 et al., 2010), and other climatic parameters are carried

sions on the formations of primary and secondary aerosol, : . . .
and how the predicted future growth of ship traffic and the ge- In this study we will use aerosol optical properties mea-
sured with a multi-filter rotating shadowband radiometer

ographu_:al expansion of watervv_ays and porFs, possibly COm_(MFRSR), and chemical analyses of sampled aerosols on fil-
bined with international regulations, are going to affect the

: " ters
atmospheric composition. . :
Although shipping contributes significantly to the interna- The MFRSR (Harison etal., 1994) is a seven-channel ra

. . . 2 .diometer which measures global and diffuse irradiances, and
tional transportation sector, its emissions are not well quanti-

. : allows the determination of column aerosol optical depth at
fied and are one of the least regulated anthropogenic Sourceoswavelengths (416, 496, 615, 671, and 869 nm). The mea-

(IMO, 2008; Cofala et al, 2.007)' Severgl studies point tc.)'surement details and data retrieval is described by Pace et
wards the need of international regulations on ship emis-_, (2006)

sions, as those active in Europe, where the land based emis- : . .

. ; .. The aerosol sampling was started in June 2004 at daily res-
sions of sulphur have been successfully reduced since 1980 Siiution. alternating in sequence sampling of RMPM
Recently, several studies (Petzold et al., 2008; Moldanova ’ 9 d ping 2.5,

etal., 2009: Lack et al., 2009: Agrawal et al. 2008a, b, 2010)2"d PMo (particulate matter with aerodynamic diameter
) ; . : - ’lower than 10, 2.5 and 1.0 um respectively). Only the;pM
reported chemical, physical, and optical properties of emit-

. . sampling head at daily resolution was used since 2007. Dur-
ted particles and gases by analyzing plumes of a large num-

ber of commercial shipping vessel, also considering differen Ing the sampling period some interruptions occurred due to

. i . . . technical failures. Here results on the chemical composi-
engines load condition. These studies provide the emission .
. ) . ., _tion of PMyg are reported. The sampler was loaded with

factors of various gases (carbon monoxide, nitrogen oxides . . ; )
o s . X 47 mm diameter 2 um nominal porosity Teflon filters. The

sulphur dioxide, carbon dioxide), chemical compounds in the,. ; L
) : filters were weighted before and after sampling in order to
particulates (S, metals), and aerosol mass emitted from ma-

. . . : obtain the mass of the collected atmospheric particulate. All
rine engines fed with heavy fuel oil. filters were conditioned for at least 24 h prior to weighing at
Gases and particles emitted by ship and other HFO com- P ghing

I idi — 0,
bustion impact human health (Corbett et al., 2007), influencea relative humidity of 35-45% and temperature of@5
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A quarter of each Teflon filter was extracted using MilliQ tively, while the mean V/Ni ratio is 2.06 w/w (Henderson
water (about 10 ml, accurately evaluated by weighing) in ul-and Henderson, 2009). Heavy oil is enriched in V and Ni
trasonic bath for 15 min, and the ionic content was evalu-content with respect to the crust, and these metals are gener-
ated by ion chromatography. Every sample was analyseally used as markers of HFO combustion in all size fractions
for cations (Nd, NHI, K+, Mg?t, C&t), inorganic anions  of the atmospheric particulate. Different authors (Mazzei et
(F~, CI=, NO3, 50}1—), and some organic anions (methane- al., 2008, Viana et al., 2009; Pandolfi et al., 2011) report
sulphonate — MSA, acetate, formate, glycolate, oxalate) agharacteristic values of V/Ni between 2.5 and 3.5 for ships
reported in Becagli et al. (2011). emmissions. These values are obtained by applying statis-

Another quarter was extracted in ultrasonic bath for 15 mintical approaches (Positive Matrix Factorization) to an exten-
with MilliQ water acidified at pH 1.5—2 with ultrapure nitric  Sive chemical data set of aerosol sampled near harbours in
acid obtained by sub-boiling distillation. This extract was the Mediterranean Sea. A relatively wide range of V/Ni ratio
used for determination of the soluble part of metals by Induc-(2-3-4.5) was measured by direct sampling at the exhausts of
tively Coupled Plasma Atomic Emission Spectrometer (ICP-different auxiliary ship engines fed by different fuels (Nigam
AES, Varian 720-ES) equipped with an ultrasonic nebulizeret al., 2006), and from the main propulsor ship engine at dif-
(U5000 AT*, Cetac Technologies Inc.). Samples have beerferent speed mode (Agrawal et al., 2008a and b). V/Ni=3
spiked with 100 ppb of Ge used as internal standare: ( Was found from power plant and oil refinery emissions (Pan-
2094 nm), and calibration standards were prepared by gravidolfi etal., 2011).
metric serial dilution from mono standards at 1000 mg.L Given the small difference between the typical V/Ni ratios
The value of pH was chosen because it is the lowest valuefor HFO combustion aerosol and for dust, these two sources
found in rainwater (Li and Aneja, 1992) and leads to the de-cannot be easily separated on the basis of this ratio.
termination of the metals fraction more available for biolog-
ical organisms. Filters field blancks show V and Ni soluble
fractions (hereafter ¥ and Nig)) concentrations below the
detection limits (0.04 ng ® and 0.09 ng m3, respectively)
in working conditions.

The remaining half filters were analysed for the total (solu-
ble +insoluble) elemental composition by the proton induced
X ray emission (PIXE) technique (Calzolai et al., 2006; Lu-

carelli et al., 2011). The PIXE analysis was carried out for Elevated Si levels might be associated, in addition to

a re.d.uce.d ”“”.‘ber of samples_, therefore, the elemgntal COMsustal particles, also to fly ash from high temperature com-
position is available for a restricted data set. In addition, thebustion processes, mainly from coal electric power plants

amount of V was in several cases below the minimum detec'(Gaﬁ‘ney and Marley, 2009). However, the contribution of
tion limit (MDL) of the PIXE technique. fly ash to PMg is negligible (Gaffney and Marley, 2009)

‘Additional sampling with an 8 stage impactor equipped 5 s Al and Fe elements are commonly used to identify
with Teflon back-up filter was performed in Lampedusa in 4 quantify the crustal content, particularly in the Mediter-

the period 17 May-20 June 2008. Half of each filter was ranean region (e.g. Remoundaki et al., 2011; Kogcak et al.,
used to determine the ionic composition, while the other half2007; Nicoks et al., 2008).

was used to measure the metals sol_uble fraction content with Peaks of V and Ni are expected when HFO combustion
the same methodology above described.

3.1.2 V and Ni enrichment with respect to crustal
sources

Since the V/Ni ratio does not allow an unequivocal attribu-
tion to the HFO combustion source, we use Si, which is used,
when analytically determined, as the main marker for crust
to identify and remove from the dataset samples with a sig-
nificant crustal contribution.

or crustal particles are sampled; the two sources are charac-
terized by different Si content, low for the anthropic (HFO
combustion), high for the natural (crustal). Thus, we used
the Ni/Si and V/Si ratios to distinguish between V and Ni
due to heavy oil combustion and to crustal sources. Ni and
V determined by PIXE (i.e. their total content) was used
for Ni/Si and V/Si ratios calculation. The ratios between the
measured Ni/Si or V/Si and the typical corresponding crustal
ratios, defined as enrichment factors, are used to identify
Sulphur is the dominant element in the exhausts of heawfrustal samples. Following previous studies (e.g., Adams et
fuel oil combustion, followed by V and Ni (Agrawal et al., al., 1980; Chester et al., 2000), samples_wnh an e_nrlchment
2008a). These metals are also present as minor constituent@/ue <10 are assumed to correspond with cases influenced
in the Earth crust, whose main component is Si (66.6 % a2 the crustal source, while an enrichment vak®0 iden-

Si0, in the upper continental crust; Henderson and Hen-t'f'e_s cases dominated by non—prustal sources (anoma!ously
derson, 2009); in the upper continental crust the V/Si andenriched elements), and in particular heavy oil combustion.
Ni/Si ratio are 3.k10~%w/w and 1.5<10~*wi/w, respec-

3 Results

3.1 Identification of heavy oil combustion aerosols:
chemical composition

3.1.1 Vanadium and nickel

www.atmos-chem-phys.net/12/3479/2012/ Atmos. Chem. Phys., 12, 38282 2012
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Table 1. Correlation parameters between V and Ni soluble and total fractions for ship aerosol cages@Vig m—3) and for Saharan dust
cases (Si- 925 ng m3 and Vo) < 6 ng n3).

Slope & error)  R? n.
Vo Viot Ship events 0.8040.02) 0.932 113
Vo Viot pure Saharan dust events 0.368)(02) 0.798 68
NigolNitot Ship events 0.774£0.02) 0.939 113

Niso/Nitot pure Saharan dust events  0.49(02) 0.787 114

Ni/Si all samples . b
Ni/Si Si> 925 ng m™
14 T I B 3
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Fig. 1. Temporal evolution of Nit/Sitot in PM1g samples col-  Fig. 2. Scatter plot of V total content obtained by PIXE versus Si.
lected at Lampedusa island. Black line represent the Ni/Si mean

ratio in upper continental crust (Henderson and Henderson, 2009),

dashed line represent the threshold values for sharing samples en- Figure 2 shows the scatterplot of daily total content of V
riched (one or(_jer Qf magnitude higher than blgck line). Red dotsversus Si (blue dots). In general, dust-laden samples show
are samples with high dust content:t825 ng n'=). a relatively small amount of V, suggesting that cases with
elevated values of V have a different source with respect to
Figure 1 shows the daily values of Ni/Si derived from Si.
PIXE measurements (Ni/Siot). The Nioi/Siot ratio is 10
times higher than the value for crustal particles (dashed lin
in Fig. 1) in 79 % of the measured samples. A higher fraction
of enriched samples is obtained for thgXSiiot ratio (88 %

e3.1.3 V and Ni solubility

The measured concentrations afpoVand Nig for the non-

enriched events are lower than for the enriched cases, and are

of the samples are enriched in V). The V total content Wasalways below 8 and 2.6 ngTA, respectively. Only 6 events

determined in a minor number of samples than Ni becaus?IeSS than 5% of the dataset) are in the range 6-8Tym
there are cases with V below the PIXE detection. As acony .\, 1n423 26 ng m? for Ni. The threshold of 6 ng i

sequence, the fraction of data with elevated ratio is higher fo
V/Si than for Ni/Si.

Most of the not enriched samples belongs to days in with
Si > 925ngnT3; this value corresponds to the 75th per-
cent|.le of the d(_jlstrlbut!og of occurLencl;e O.f S|fconcen'[|rat|qn. Y and Ni, respectively, we obtain two different behaviours:
Previous studies carried out on the oasis of aeroso optlcathe HFO combustion enriched cases g\ 6 ng nT3) dis-
depth measurements show that dust is present at Lampedu[%"flay a larger slope, thus a higher solubility than during Saha-
in about 26 % of the days (Meloni et al., 2007). Cases with Si .

3 : > ran dust events (St 925 ng T and Vsol < 6ngnT3). Ta-
= 925ng M correspond t.o querate and h|gh dust 90nd' ble 1 reports slopes and regression coefficients for the var-
tions at Lampedusa, and identify cases which are evidentl

. . Yous plots. In the events classified as influenced by the an-
affected by th? crusta'l component: Back traje.cj[ones (noﬁhropic source both V and Ni are easily dissolved (the sol-
shown for brevity) confirm that the air masses originate fromuble fraction is 80 % and 77 % for V and Ni, respectively)

or pass over the Sahara desert before reaching Lampedusa.i . . o -
days with concentration of S 925 ng . il the mild extraction condition (HN®- pH 1.5) because

they are mainly present as free metals, oxides hydrates, or

r(hereafter \Yy) for Vg1 is chosen to identify HFO combustion
enriched samples on the basis of measurementgqpf V

The V and Ni solubility appears to depend on the orig-
inating source. By plotting ¥, and Nig versus the total

Atmos. Chem. Phys., 12, 3472492 2012 www.atmos-chem-phys.net/12/3479/2012/
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organo-metal compounds. Sippula et al. (2009) report that
several soluble compounds such as sodium vanadates an

2004 2005

2006

2007

2008
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1

nickel idroxides are formed during HFO combustion. Onthe ¢ o084 (g | ’ =
contrary, the presence of V and Ni in the silica matrix oras § 06 =
oxides in samples with high dust content is expected to pro- § 0.4
duce a lower solubility, as it is found in our samples (36% < g2,
and 45 % for V and Ni, respectively). Consequently, samples 0
influenced by heavy oil combustion have a higher content of _
Vsol and Nisg, Which are present in the available form for &
biological organisms, and are more capable to exert toxicity. 2
o
3.1.4 Sulphate and PMg concentration g
Figure 3 shows the temporal evolution of the daily average 1.4 10*

aerosol optical depth (AOD) at 500 nm, of the daily M ?-2104-

mass concentration, and of the main markers of heavy fuel g
oil: non sea salt sulphate (nss?@, Vsol and Nig from & g
PMio samples collected at Lampedusa in the period June%
2004-December 2008. Three-month averages of the mea €
sured parameters are also shown to emphasize the season

110*

8000 -
6000, .

+(c)

4000 ¥
2000 ,

0

35

304

evolution. Cases in which the measured AOD is strongly in- o el @ | | IR r
fluenced by Saharan dust are also reported in the figure (rece 5] . i, L
dots in Fig. 3a). The method by Pace et al. (2006), based g s, | - | ] v
on the measured values of AOD aAdgstiom exponentand >’ . r
on the analysis of the backward trajectories, was used for the
identification of cases with large Saharan dust contribution to
the AOD. Since the AOD provides information on the entire ~ 197
air column, the identification of a Saharan dust case doesno s 8- \
necessarily imply that mineral particles are present close to £  67:

]
@

the surface. s ‘2"','- ¢ .
Figure 3 shows a marked seasonal pattern with spring- 0 -"’-ﬂi-hi% X
summer maxima of the AOD and of the tree chemical mark- Jan/1
ers. As discussed by Di lorio et al. (2009), the dust optical
depth and vertical distribution show a large seasonal cyclefFig. 3. Temporal evolution of AOD, P, nssscﬁ— Vgo and
with elevated AOD and a wider vertical extension in spring Nigq, at Lampedusa island. Blue lines in plbd, (c), (d), and(e)
and summer; the seasonal change is mainly controlled byepresent the three months mean. Red dots in the plot a are related
dust transport occurring over the boundary |ayer_ On theto Saharan dust events chosen as AOD15 anda < 0.5 (Pace et
contrary, non dust cases and boundary layer aerosols displad} 20_06). Black dots represent the remaining days. In this plot the
a very limited seasonal change (black dots and blue line i ark line represent the AQD three month average, the. blue one the
Fig. 3a), as it is also confirmed by the Rivmeasurements three month mean excluding the Saharan dust event (i.e. calculated
(Fig. 3b). The PMg concentration reaches elevated values,over the black dot).
up to about 140 pg ¥, mainly in spring; also the highest
peaks in AOD in 2007 and 2008, close to 1, occur in spring.o0pga and b, Viana et al. 2009; Pandolfi et al., 2011). A very
The highest peaks in Pidand AOD are due to Saharan dust 4604 correlation 2 = 0.945) is also found for events influ-
events, and will not be discussed in detail here. Elevatecgnced by crustal particles; the slope of the linear fit is lower
values and isolated peaks ofd Niso, and nssS¢- are ob- (2.5440.05) than for the HFO combustion cases, and some-
served throughout spring - summer and especially in Juneéyhat higher than the mean V/Ni crustal ratio (2.06). Cases
July. A scatter plot of Nij versus \o, and of nssSQ" ot mixing between crustal and anthropogenic particles might
versus \oj for cases in wich the antropic contribution is gypjain this behaviour. It must be pointed out that Viana et
relevant (i.e. o1 >6) is shown in Fig. 4. Vo and Nkol 5 (2009) found in some Saharan cases very high V/Ni ra-
are closely related, suggesting that the two species originatgos, up to about 12; although we do not find such high val-

from the same source. The slope of the linear regression bgjes mixing of crustal particles of different V/Ni ratio may
tween Vo and Niy for the cases classified as influenced by 5154 play a role.

HFO combustion R? = 0.978) is 2984+ 0.04, in agreement
with previous studies (Mazzei et al., 2008; Agrawal et al.,

www.atmos-chem-phys.net/12/3479/2012/ Atmos. Chem. Phys., 12, 38282 2012
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Fig. 4. Scatter plots Njp (a) and nssSﬁT (b) vs. V5q). Linein
plot a represents the linear correlation, dashed liib)mepresents
the ratio nssSﬁ)‘ IV 01 = 200. Red dots iifb) represent non crustal
Vsol-

The limited difference found between the slopes for HFO

combustion and crustal samples confirms that the V/Ni ratio

alone does not allow to separate the two sources.
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time step equal to the one measured at the same time at Sta-
tion. Lampedusa is a smallisland, far more than 100 km from
the nearest coast, and we assume that the wind measured at
Lampedusa is representative for a relatively wide region. The
main advantage of this method is the direct use of high tem-
poral resolution measurements. The objective of the trajec-
tory analysis is to derive information on the airmass origin
in the surrounding of Lampedusa and in a short time interval
(generally up to 12 h). We expect that the reliability of the
method rapidly decreases with time, and in proximity of the
coasts or over land.

Backtrajectories were calculated also with the Hysplit
model (Draxler and Rolph, 2012; Rolph, 2009) using the
NCEP reanalysis data (2.5 2.5° spatial and 6 h temporal
resolution) during selected periods The two approaches show
very similar results. However, we believe that in the proxim-
ity of Lampedusa and for the considered limited time interval
our methodology produces more detailed results, especially
for cases of low wind velocity and fast changing conditions,
because of the difficulty of models in reproducing the wind
field close to the surface and the low temporal resolution
of the reanalysis. Twelve-hour long trajectories are in most
cases suited to investigate the area surrounding Lampedusa,
and a broad temporal interpolation between successive model
analyses is required for the HYSPLIT trajectory calculation.

Figure 5 shows 18-h long trajectories arriving at Lampe-
dusa at the middle of the PM sampling interval. Trajectories
are grouped in three-month periods, and plotted separately
for cases with o < 6 ng N2 and Vso > 6 ng n 3. Similar
results are found by using 12-h or 24-h trajectories. Trajec-
tories were also calculated for different arrival times, at the
beginning or at the end of the PM sampling interval. Except
than in few cases, no substantial changes in the trajectory
pattern are found.

The origin of the air masses corresponding tg)\& Vst
reflects the overall wind direction statistics at Lampedusa,

The behaviour of non-sea salt sulphate does not appegfihoyt specific preferred directions (22% of cases wind

to be closely linked to Yy and Nig. Beside heavy fuel

oil combustion, several other sources (anthropic origin from

long range transport, marine biogenic, crustal, volcanic) con

tribute to the non sea salt sulphate in the Central Mediter-

ranean Sea. For this reasoggVand nssSﬁT are not di-
rectly coupled, and the quantification of $Ocontribution

from HFO combustion emissions to the nsﬁS@otaI bud-
get is a difficult task.

3.2 Identification of heavy oil combustion aerosols:
trajectory analysis

originates from N-NW; all the other directions show frequen-
cies of occurrence between 2% and 5%). The air masses
showing evidence of HFO combustion aerosol influence dis-
play a strong dependency on the originating direction: they
are mostly of Northern origin, and passed over the Strait of
Sicily, i.e. in correspondence with the main maritime route
crossing the Mediterranean sea from the Strait of Gibraltar
to the Suez Canal. 26,5% (35) of the cases with ¥Vt
correspond to air masses coming from a narrow direction
(345 £7.5°); 63.6% (84) of the cases correspond to air
masses originating between 322.&nd 37.5. The same
region also includes 80.8 % of the cases witky %10 (52

The chemical aerosol composition was related to airmass traeases). Trajectories withadj > Vst do not show any signifi-

jectories with the aim of identifying main source regions.

cant dependency on the wind intensity (the mean wind inten-

Back-trajectories were calculated using local wind datasity along the back trajectory ranges from 1.5 to 11Hs

measured at the Lampedusa Station for Climate Observa- The main shipping route through the Sicily channel runs
tions on a 10 m tall mast with a time resolution of 10 min, about 180 km North of Lampedusa and the good correspon-
assuming that the wind along the back trajectory is at eacldence between the air mass origin and the Mediterranean
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Fig. 5. Panelga) and(b) show the 18 h back trajectory relatives to the measurementggfess than or great/equal to 6 ng_r3n(i.e. Vst)
respectively. The trajectories are grouped in quarters, each one representing three months.

Table 2. For the two periods having different resolution time (June 2004 and August 2007) are reported: the number of PM samples (measure-
ments of \4)), the number (frequency occurrence on the total number of anngginéasurements) of measurements wigj\t6 ng nt3,

the mean and standard deviation values. The number of episodes of single and consecutive days (frequency occurrence on the number ¢
annual \§g measurements affected by ship emission) gf|\4 6 ng nT3, the correspondent periods mean and standard deviation values of

the single and multiple day episodes are also presented.

Year Number of PM  Number of Vssl6 ng ni3 Number of episodes single or consecutive days wigh %6 ng n3,
(Vso)) Samples  measurements, annual occurrence, daily annual occurrence, mean and std values
mean and std values
single day 2 days 3 days 4 days 5 days
2004— 241 (235) 28 11.9% 94#2.8 20 episodes 1 episode 2 episodes
2006 71.4% 7.1% 21.4%
8.1+2.8 13.9+1.0 10.1+£2.0
2007- 594 (549) 104 18.9.% 114656.3 31 episodes 8 episodes 10 episodes 3 episodes 3 episodes
2008 29,8% (15,4 %) (28,8 %) (11,5%) (14,4 %)
8.2+2.5 12.7+4.6 9.2+3.1 16.9+8.4 13.4:5.4

main route of large vessels suggests that most of the eventsarily show elevated values oky, suggesting that transport
characterised by ¥ > 6 ngnt 2 are directly influenced by  from north north-west is required, but is not sufficient to de-
ship emissions. Figure 6 shows a statistic of the numbetermine high concentration of HFO combustion aerosol; dif-
of cases with Vo < 6ngnT3 and Vso > 6 ng n 2 for dif- ferent processes probably play a role in the observed seasonal
ferent originating trajectory directions. Data are displayedevolution.

for April-May-June, and July-August-September, separately;

only two quarterly statistics are shown because the few HF(3.3 Seasonal evolution

combustion aerosols events measured in autumn and winter.

Evidently, as also appears in Fig. 5, air masses coming fronf\S shown in Fig. 3, \oi, Niso,, and nssS@- display a large

the Sicily Channel during autumn and winter do not neces-seasonal cycle, with a marked maximum in spring-summer.
Three-month averages of the different parameters displayed
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Vsol Also the variability of the traffic ship may play a role in
0 =j6"6 0 determining the observed annual cycle. Recent modeling
s a s o studies which used different ship emission inventories as-
sumed a constant source throughout the year (e.g., Marmer
and Langmann, 2005; Jonson et al., 2009), explicitly because
o 5 50 75 % 50 75 of lacking information. For instance, Marmer and Lang-
mann (2005) found mean concentrations of sulphate aerosol
almost four times higher in summer than in winter in the low-
est level of their model. A limited information is available
on the seasonal variability of the ship traffic in the Mediter-
180 180 ranean, and only for selected regions (e.g., Tzannatos, 2010;
April, May, June July, August, September ORTC, 2011). Seasonal changes in the ship traffic appear
Fig. 6. Number of cases with ¥ < 6ng 3 (blu regions) and to be primarily copnec_ted with tour.i§tic activities/passenger
Vo >6ng T3 (red regions) for different originating directions transport, and mainly interest specific coastal areas (e.g., the

of the corresponding airmass trajectories for April-May-June (left), Ligurian sea, several routes in Greece, et(‘j-)- The emissions
and July-August-September (right). from the passenger ships are however estimated to be small

(Jonson et al., 2009), and probably produce a limited effect
on the seasonal distribution of the emissions.

in Fig. 3 were drawn to highlight their seasonal evolution.  Table 2 presents some statistics ofiVheasurements and
The yearly evolution of the three-month averages gf v the cases of consecutive days witoM>-Vst. The whole

and nssS@ appear remarkably similar, suggesting that, al- database extends over 5yr, but only the last 2 yr are charac-
though the sources may not be Coup|ed’ they may parﬂy reterised by regular da||y Samples. As shown in Table 2, from
spond to similar mechanisms. As discussed above, the se@004 to 2006 there are a total of 235Mneasurements (i.e.
sonal behaviour is not due to a significant change in the dyYearly number of measurements varying between 66 and 91),
namical patterns and to more frequent trajectories from HFCRNd only about 12% of the cases presengs ¥Vst. The
combustion sources. Different processes thus contribute t§umber of HFO combustion aerosol events with duration of
produce this seasonal Cyc|e_ more than one day is |argest in summer.

Production of secondary aerosol is influenced by solar The representativeness of 2007 and 2008 is definitely
radiation. This effect is well known for the formation of larger than in previous years, with a total of 549 daily mea-
nssS(ﬁ‘, which is derived from oxidation of SOby OH  Surements of Y. Thus we believe that results for 2007
(see, e.g., Barbu et al., 2009). In its turn, the OH produc-2008, with about 19 % of cases withsd/>V st is more rep-
tion is linked to elevated levels of ultraviolet radiation. The resentative for the normal situation at the Lampedusa.
central Mediterranean is characterized by elevated levels of A simple statistics on HFO combustion events lasting
UV radiation in summer, and high ozone photolysis and OHmore than one day is reported in Table 2. The number
production (e.g., Casasanta et al., 2011). Consequentpy, SQof cases lasting more than one day is larger in 2007—2008
conversion into SQT is expected to be faster in summer. (70.2% of the cases last between 2 and 5 consecutive days)
Ault et al. (2010), in a recent study found V andﬁOn sin- than in the 2004—2005 period (28.6 %); however, results for
gle aerosol particles from fuel combustion; they found that2004-2006 are biased, since Rjsamples were not tak_en
SC;~ is in higher concentration than in particles not contain- continuously. This effect tends to produce an underestimate
ing V and suggest a Cata|ytic effect of V on the oxidation of of the influence of HFO combustion events in 2004—-2006.
SO, to SG~. In this process the metals would be involved Moreover, most of the episodes lasting more than one day

in the secondary aerosol formation, favoured by high level ofShow mean o values larger than the meangyof the sin-
solar radiation. gle day cases, suggesting a progressive increase of the HFO

The structure of the planetary boundary layer is expectedmmbu_Stion a_lerosol I_oad in spgcific situations, leading to a
to play a role in producing the observed seasonal cycle. Sonatrong intensity of episodes lasting for more than one day.
at al. (2003) used a Lagrangian photochemical box model
for an air parcel emitted from ship in the marine boundary3.4 The June-July 2008 event: trajectory analysis
layer. They found that conditions favouring the stability of
the marine boundary layer produce a larger increase in thé&igure 7 shows the back trajectories of a particular long last-
SO, and sulphate concentrations than an increased emissiang (20 days) and interesting event in which the HFO com-
of SO,. The marine boundary layer is generally more stablebustion influence on the aerosol chemical composition was
in summer than in winter (e.g., Dayan et al., 1989), and thisobserved to occur almost continuously from 20 June to 9
effect may produce elevated concentrations of sulphate anduly, 2008. Elevated values ofsyf were measured through-
metals during this season. out the period; ¥, decreased belowyduring only 3 days.

225 135 225 135
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3.5 The June-July 2008 event: size segregated chemical
composition

Figure 8 shows the patrticle size distribution derived from
multi-stage impactor sampling. The size distribution of the
main markers of HFO combustion emissions and crustal el-
ements for the first day of the described event (20 June
2008) and for 17 May 2008, characterized by a high crustal
content, are shown. The backward trajectories of 17 May
computed over 24 h, shows that the airmass originated from
North Africa.

As expected, V and Ni in the HFO combustion event dis-
play a maximum in the finest mode (diametef.4 um).
Conversely, their concentrations peak at larger size (1.1-
2.1 um for Ni, and 0.4-0.7 um for V) during the Saharan dust
event.

The sulphate distribution shows a monomodal distribution
e e e TR T peaked in the 0.4-0.7 um fraction during the HFO combus-

vsol (ng m™) tion event, due to the main secondary source. On 17 May
sulphate displays a bimodal distribution with a second mode

when only 3 daily \i., measurements (25 June, 3 and 7 July) were (1.1-2.1 um) related to its primary sources from Saharan dust

below Vst. The 24-h back trajectory of 17 May is also presented. and sea spray. . .
The number at the end of each back-trajectories indicates the corre- Al @nd Fe are considered typical markers of the crustal
sponding day of June and July. source and are mainly present in the coarse mode on 17

May. During the HFO combustion event their distributions
are shifted towards fine particles, suggesting that also the an-
At the beginning of the event (20 and 21 June) the windthropic source may contribute to the occurrence of these ele-

intensity decreased and advected air from the middle of thements. The presence of a fine mode also on 17 May suggest

Sicily channel. From 22 to 24 June there is a notable reducthe presence of mixed source in the selected event.

tion of the wind intensity, and easterly winds. On 25 June the It must be noticed that even if for Ni and V we report here

wind was again coming from North-West, and values iV the pH 1.5 soluble fraction, and the solubility is different

<Vt Were measured. From 26 June to 2 July,Veached for the two aerosol sources, their concentrations are higher

very high values, including the maximum value of the whole in the HFO combustion event than during the Saharan dust

dataset (30.6 ngn¥) on 26 June; 4 out of the 7 values of case. The situation is different for the crustal markers. Al

Vsol > 20ng T3 of the dataset occurred between 26 Juneshows higher concentrations in the Saharan dust event, while

and 1 July. In this period the air mass came from North, pro-Fe concentrations are higher in the HFO combustion case.

gressively shifting from Northwest to Northeast. A change Part of this behaviour is due to the different solubility of Fe

of the wind direction led to Southern local air masses andof different origin. In Saharan dust aerosol Fe is associated

Vsol <Vst on 3 July. With the exception of the back trajec- with the silicate matrix, or present as oxides, and these com-

tory of 7 July, when southern air mass induced a low valuepounds are not soluble in the applied conditions (HNEH

of Vo, the period ends with a recovery of the Northerly air 1.5). In PM,g samples collected at Lampedusadrés gen-

mass flow, still inducing high values ofg}. erally less than 10 % of the total Fe. On the contrary, the Fe

This long extended period with strong influence from HFO solubility is high for anthropic sources, due to the presence

combustion, and very likely ship emissions, confirms that theof F&? or Fe- idroxides, both soluble in HNO

origin of the air masses plays a central role. In particular, the

strait of Sicily seems to be the main source region. More-3.6 Heavy oil combustion contribution to the total

over, very low winds connected with stagnant conditions are aerosol load

not responsible for elevated values ofoy confirming that

high Vso values are not of local origin (i.e., from harbour By using specific markers of different sources and applying

activities). receptor models it is possible to quantify the mass contri-
bution of a specific source to the total PM (Gordon, 1988).
Emission factors from different marine vessels and engines
and other heavy oil combustion sources can provide insight-
ful information to aid source apportionment studies even if
the ratios between the selected markers change from the

Fig. 7. 18-h back trajectories for the 20 June—9 July 2008 period,
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Fig. 8. Vgql, Niggl, sof[, Algql, Fey) size distributions during a HFO combustion event (plots on the left, 20 June 2008) and during a
Saharan dust event (plot on the right, 17 May 2008).

source to the receptor site for secondary specie such athe HFO combustion emissions contribution offS@o the
nssSG . The main species emitted in the ship plume in total amount of nssSP and to the PM mass is estimated,
gas phase and precursor of particulate are,@d SQ  considering the ratios between the precursor of particulate in
(Agrawal et al., 2008a, b). The photochemistry of N€ad-  the exhausts of ship engines and V, which is taken as a repre-
ing to NG5 in the particulate phase is complex, especially in sentative and conservative marker of HFO combustion emis-
summer (see e.g., Chen et al., 2005), and their contributiorjon. Agrawal et al. (2008a and b) report averagé'sm

to the particulate phase is not here quantified. In this sectiormission ratio of 11-27 in the particulate exhaust gRMof
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the main engine of different ocean going container vessels By using SCﬁ‘N:ZOO as a lower limit value for HFO
operating at different load. The same authors report highecombustion emissions in summer, and using the measured
values (up to about 500) for S@as)/V(particulate). How- values of \§o determined at Lampedusa, it is possible to ob-
ever, the amount of in the airmass is expected to grow tain a rough estimation of the minimum contribution of sul-
fast due to S@ conversion into sulphate; this conversion is phate from the heavy oil combustion source to the total sul-
faster in high UV radiation and high humidity conditions. phate and total aerosol mass. Due to different meteorological
If we assume an e-folding time of about 2 days for the SO conditions and photochemical activity such a value cannot be
to SO}[ conversion (Restad et al., 1998), theﬁS@nass is applied in general, and to samples collected in different sea-
expected to increase by a factor of 10 within 10 h with re- sons.
spect to that contained in the air mass 1 h after the emission. For the recognised events the averagéS(:‘bntribution is

Since the starting Sij/V ratio is in the range 11-27, after 2 12 Hg nT3, corresponding to 43.6 % of total nssﬁOnass.
10h we expect to have a §OV ratio of about 110-270. This value is higher than the value modelled by Endersen et
This ratio is expected to vary still more largely, depending al. (2003; 2.9 %) which is however an annual global average.
on the efficiency of the dry and wet S@xidation, and the  The high values we found are likely due the regional (highly
elapsed time between emission and aerosol sampling. Sukffected by ship traffic) and seasonal (late spring-summer)
phates originating from processes other than HFO combusscale here considered. Marmer and Langmann (2005) esti-
tion contribute to the total SP load in the collected aerosol, mated an average sulphate concentration of 3.3Tjower

and larger S(ﬁTN ratios may be expected. Figure 4b reports the Mediterranean basin in summer 2002, with higher values
nssS(j’ Vs. Vsol for cases with W > 6ngnt3 (V and Ni in the Sicily channel. They estimate that ship emissions con-
enriched events). The crustal contribution to ns5S@s. tribute by 50 % to the total amount of nss;0and consider
Vso1 Was removed by using typical V/Si and $OSi for the the natural contribution negligible. Total ns§$0values
upper continental crust (see Sect. 3.1.1; Henderson and Heﬁnodelled by Marmer and Langmann (2005) in the summer
derson, 2009). Over the whole the data set the n§‘sBQo| months (JJA) are in the range 4.5-5.2 jigfover the 2002-

ratio is always higher than 200. It must be considered that2003 Period in JJA in the Strait of Sicily, consistent with
once the dust cases have been removed, the addition?f SO the measured nssgOaverage concentration at Lampedusa:
from sources other than heavy oil combustion would produce®-0 M9 ”_rs over the 2004-2008 period in JJA. In the same
(as it appears from figure 4b) an increase ifS@ithoutaf-  time period the mean Sio from HFO combustpn computed
fecting Vo, Thus, we assume that the smallesﬁsctb Veol using the \{o content is 1.2 ug me, co_rrespondmg tq about
ratio may be ascribed to particles in which the contribution 30 % Of the total nssSP content. This percentage is lower

from heavy oil combustion is the dominant factor determin- than the one modelled by Marmer and Langmann (2005),
ing sulphate and ¥ amounts. possibly due to an underestimation of the truejSN ratio

For these reason we take $U\/: 200 as a lower limit for qnd/or the gnderes.timgtiop of long range and especially ma-
particles originating by heavy oil combustion at Lampedusa.n€ blogem_c cont.nbynon in the model. These results sug-
In fourteen cases the ratio is close to this limit. Except for 9€St that ship emissions play a large role among the heavy
two days in March, all cases with nss?tw close to 200 combL_Jstlon sources in the central Medlterranean. o
occur between May and August. During the special event of During the June—July 2008 special event shown in Fig. 7
June—July 2008 the nsssov ratio values were all in the (26 June 2008) the nss%Ofrom HFO combustion emission
range 250—400, except for few spikes up to 1000, possiblyeached 6.1 g m?, contributing by 15 % to the total Pd.
due to the contribution from additional sources ofiSOA As shown in Sect. 3.5, the HFO combustion aerosols be-
value of SG~/V in the same range (285) is derived for the |0ng mainly the fine particles fraction; by using the average
finest particles stage (0.1-0.4 um) of the impactor data foSUmmer V content and mass data obtained at Lampedusa for
the HFO combustion event discussed in Sect. 3.5. Newly°Mzs and PM1 we obtain a contribution of §Ofrom HFO
formed secondary particles, in this particular event proba-Combustion aerosol of about 8% and 11 %, respectively, in
bly arising from ship emissions, are predominantly present inthe two aerosol fractions in summer.
this size range. This is consistent with the findings of Healy
et al. (2009 and 2010), who have shown that the majority of
freshly emitted ship exhaust particles containing elevated 4 Conclusions
and sulphate lie in the ultrafine mode (20—600 nm mobility
diameter). Larger particles show values ofiS@/> 400, Daily aerosol samples collected at Lampedusa from 2004 to
due to an expected stronger contribution of sulphate particleg008 were analysed to determine their chemical composition

arising from other sources, and the role of coagulation ancnd to identify the possible influence of heavy oil combustion
accretion processes during transport. emissions in the central Mediterranean.

Heavy fuel oil combustion events are identified using V
and Ni, specific markers of this source. Their ratio to Si is

www.atmos-chem-phys.net/12/3479/2012/ Atmos. Chem. Phys., 12, 38282 2012



3490 S. Becagli et al.: A possible large role of ships emissions in the Mediterranean

used to discriminate between crustal and ship sources. Thplume, e.g. organic and elemental carbon) from sites located
Ni and V soluble fractions are consistently higher for the in the open sea can provide a better evaluation of the regional
cases influenced by HFO combustion than for mineral par-and global impact of ship aerosols on the total aerosol budget
ticles. and on climate.

The V soluble fraction was chosen to identify days af- .
fected by high anthropic aerosol content. A thresholdAcknowledgementsThe study has been partially supported by

3 . . .__the Italian Minsitry for University and Research through the
of 6 ng nT°was established to select heavy oil combustlonS,\lUMNIASS and the Aeroclouds Projects.
aerosol events.

A progressive vector analysis based on wind measureggited by: M. C. Facchini
ments show that the selected events are very likely mainly
affected by sea going ship, mainly transiting in the Sicily
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