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Abstract

Two intensive PNy, sampling campaigns were performed in the summie2®@9 and 2010 on the ship
Costa Pacifica during cruises in the Western Megitean. Samples, mainly collected on a hourlyshasi
were analysed with different techniques (Partioduced X-Ray Emission, PIXE; Energy Dispersive — X
Ray Fluorescence, ED-XRF; lon Chromatography, I8ermo-optical analysis) to retrieve the PM10
composition and its time pattern. The data werel Use obtaining information about the sources of
aerosol, with a focus on ship emissions, throughogmnment using chemical marker compounds,
correlation analysis and Positive Matrix Factolimat(PMF) receptor modeling. For the campaign in
2010, 66% of the aerosol sulphate was found toriler@pogenic, only minor contributions of dust and
sea salt sulphate were observed while the biogamitribution, estimated based on the measureménts o
MSA, was found to be more important (26%), butueficed by large uncertainties. V and Ni were found
to be suitable tracers of ship emissions duringcdmapaigns. Four sources of aerosol were resolyed b
the PMF analysis; the source having the largesaghpn PM10, BC and sulphate was identified as a
mixed source, comprising emissions from ships. ddreelations between sulphate and V and Ni showed
the influence of ship emissions on sulphate in neagair masses. For the leg Palma-Tunis. crossing a
main ship route, the correlations between aerasgphate and V and Ni were particularly strontFQr.9

for both elements).

KEY WORDS: Mediterranean Sea, PM10, source apparient, ship emissions, Positive Matrix

Factorization.
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1. Introduction

The Western Mediterranean Basin is frequently egdds high levels of air pollutants. This is
due to both long range transport and local soussesell as the topography of the coasts and sudingn
mountains that favours the development of combisea breeze-upslope winds with stratifications of
pollutants and subsidence over the coast and thewéng daytime in summer (Lelieveld and Dentener,
2000; Velchev, 2011). The area is influenced ndy by long-range transport of continental aerosoirf
the north but also, due to its vicinity to Northridh, Saharan dust can frequently be observed glurin
some periods (Kalivitigt al, 2007), making the Mediterranean Sea an arealjexdfected by aerosols.

Another important source of pollution is the inteesship traffic. The main trace gases emitted
from ships are sulphur dioxide and nitrogen oxidexth precursor gases to secondary pollutants. Ship
emissions contribute significantly to air pollutionthe Mediterranean Basin, particularly their ssions
of SQ,: according to the study by Marmet al. (2005), based on an inventory from 1990, 54% ef th
total sulphate aerosol column burden over the Medihean in summer originates from ship emissions.
NO,-emissions from ships are projected to increadeuimpean waters and could be equal to land based
sources by 2020, while for $SCa decrease in ship emissions are expected tqtake in this period due
to new legislation (Van Aardenret al, 2013).

Aerosol measurements and source studies over #ie &i@ sparse and confined mostly to land
sites. In particular, data on the contribution dfips emissions are still relatively scarce. Recent
observations at the station on Lampedusa (Becaglal, 2011) produced a lower limit for the
contribution of sulphate from ship emission to suenidevels of PM10, PM2.5 and PM1 of 3.9%, 8%
and 11% respectively. This was based on a direesorement of the V concentration in PM and on the
assumption of a minimum S@o V ratio of 200.

In order to contribute to filling the gap of obsations in the Mediterranean basin and to gain
more insight into atmospheric dynamical and chemicachanisms, the Joint Research Centre of the
European Commission (JRC) performs ship borne meamnts over the Mediterranean Sea. In the
framework of a collaboration agreement between XRE€ and Costa Crociere, measurements of air
pollutants have been carried out since 2006 orserships following a regular route in the Western
Mediterranean from spring to autumn.

Two campaigns were carried out in 2009 and 201G wie scope of carrying out a source
apportionment analysis on the aerosol sampled atbegroute of the cruise ship. During the two
campaigns in 2009 and 2010, in a joint experimeith e Department of Physics of the University of
Genoa, a two-stage streaker sampler (Formetrdl, 1996, and references therein) was installed en th
ship. The elemental composition of the fine andreedraction of PM10, separately collected by the
streaker on an hourly basis, was measured by lamB&nalysis (i.e. by PIXE: Particle Induced X-Ray
Emission) at the accelerator facility of INFN-Flooe (Mando, 2009; Lucarelit al, 2013). In addition,
filter samples of PM10 aerosol were collected amalyazed for soluble ions by lon Chromatography and

for organic and elemental carbon by a thermal apti@nsmittance (TOT) method. This dataset was
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used for an investigation of the influence of skipissions on the composition of aerosols over #z s
through a receptor model approach as well as agmlysased on chemical marker compounds,
characterization of filter samples by calculatidrback trajectories and on observed correlationa/den

the aerosol components.

2. Material and Methods
2.1 Equipment for the long-term monitoring adtivi

The monitoring station, placed in a cabin at thenfrof the top deck of the shigCbsta Pacifica
permits to perform continuous measurements of,N&@» O; and Black Carbon (technical details in
Schembariet al, 2012). Black Carbon (BC) is measured by an Aethater (AE 21, 2 wavelengths,
Magee Scientific, USA). The Aethalometer and therexions applied to the measurements were
discussed by Schembati al. (2012).

Previous experiments (Sokolik and Toon, 1999) hakiewn that dust appreciably absorbs at
wavelengths below 600 nm. Thus, if the aerosol @ost in addition to BC, large amounts of dust, the
BC concentration values calculatedlat 370 nm are expected to be enhanced with regpetttose
deduced at = 880 nm, due to the presence of the UV-absorbiatgerial. Based on observations of the
concentration ratio of BCAE370) to BCA=880) during dust episodes, a ratio of 1.4 wasdias
threshold to identify a dust episode. Also satellihage (http://AQUA.nasa.goyv, http://TERRA.nas&)go

and dust surface concentrations maps from the renfdREAM model (Dust Regional Atmospheric

Model, http://www.bsc.es/projects/earthscience/DRBAvere taken into account. BC measurements

that were found to be influenced by the presenaust were not included in the analysis of the data
2.2 Equipment for the intensive monitoring campaign

In two periods, 24-31 August 2009 and 7-21 Jund)20itensive aerosol sampling campaigns were
carried out. The sampling strategy was based owacastage continuous streaker sampler. With the
streaker sampler (Formengit al, 1996), particles are separated at different stagepre-impactor
removes particles with aerodynamic diameteg)(Dreater than 1@m from the incoming air; a thin
Kapton foil, coated with APIEZON grease to previkatincing, collects particles with 2fn < D,e < 10
pm and a Nucleopore polycarbonate filter intercegtsmaller particles. The two collecting plates a
paired on a cartridge, which rotates at constamedp(about 1,8per hour), producing a circular
continuous deposition of particulate matter on k&ithges (the “streak”). The streaker sampler has be
appositely designed for PIXE analysis. The maintliohthis instrument is the impossibility to weigine
collected matter and therefore to measure dirg¢lottotal concentration of fine and coarse PM1fotal
of three couples of streaker frames (one in 2009 taro in 2010) were sampled during the intensive
campaigns (one per week).

PIXE analysis of the streaker frames was performethe HVEE 3 MV Tandetron accelerator,
installed at the LABEC (LAboratorio BEni Culturali@boratory of INFN in Florence (Calzolat al,
2006; Lucarelliet al, 2013). The streak is analyzed point by pointhgsi beam size that corresponds to

one hour of aerosol sampling. The Minimum Detectionits (MDL), estimated for PIXE analysis atol
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level, are ~ 10 ng hfor low-Z elements and ~ 1 ng ¥for medium-high Z elements, while the
uncertainty of the elemental concentrations arerdgéhed as a sum of independent uncertainties on
standard sample thickness (5%), peak areas (frdm 20% or higher when concentrations approach
MDLs) and sampling parameters (of the order ofvafercent).

From August 24 to 31, 2009 addine 7 to 14, 2010, PM10 samples were also callemtequartz
filters (47 mm diameter, flow rate 2.3%im") using Sven Leckel Ingenieurburo (http://www.lecke/)
sequential samplers placed on the top of the caltiere the monitoring station is, and nearby the
streaker sampler. This sampling was carried oua oariable time basis: the sampler was startedut ho
after the departure from each harbor and stoppeaut before the arrival in the next port. Each s
then divided in periods of about 6 hours with oilterf sampled per each period, this resulted iargable
number of filters per leg and in a total of 15€fik. Samples were subsequently analyzed by ED-XRF
(Energy Dispersive — X Ray Fluorescence) at theategent of Physics of Genoa (Ariot al, 2006),
by a thermo-optical method with a SUNSET dual Ggiticarbonaceous analyzer, to determine the OC-
EC (respectively, _Organic and Elemental Carbonjceatrations following the EUSAAR-2 protocol
(Cavalliet al, 2010). and by lon Chromatography at the JRC (EN&Boratory). A comparison of PIXE
and ED-XRF results can be found in the Appendirdtronic supplementary materifdigure E1).

Main ions (N&, CI, Mg®, K', C&', NOy, NH,", SQ% C0) were analyzed by lon
Chromatography (IC, Dionex DX 120 with electrocheatieluent suppression) with an uncertainty of +
10%, after extraction of the soluble species imbguot of 16 mm @ in 20 ml 18.2 ™M cm resistivity
water (Millipore mQ). IC and PIXE measurements@mpared in the Appendix (Figure E2).

The MSA (methanesulfonic acid) concentrations Fer 2010 sampling campaign were measured by
suppressed-conductivity, gradient elution, ion ammtography at the Dept. of Chemistry, University of
Florence (Udistet al.,2012).

In Table 1, the laboratory analyses performed after 2009 and 2010 filter campaigns, are
summarized. In the analysis of the filters samplied the 2009 campaign, positive organic
artifacts/contaminations on the quartz filters wéoeind and the OC concentrations could not be
evaluated; therefore EC values only were retained.

The 2010 experimental set up was completed witlogital particle counter (GRIMM 1.108) to
measure the number of particles per unit volume #mdestimate the mass concentration. The
reproducibility of the OPC in particle countingti% (Putauckt al, 2004).

Information about meteorological parameters (wipdexl and direction, temperature, humidity with
10 min intervals from the meteorological stationtioé ship) and information about the ships posjtion
speed and sailing direction, were available. Thfsrmation was used to identify situations where th
measurements might be influenced by emissions ftasta Pacifica: in all cases where the inlets ef th
measurement station were downwind of the stackefship within an angle of + 40 degrees the data

were discarded because of the risk of contaminditmm the stack.
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During summer—autumn 2009 the route of the ship Giagavecchia-Savona-Barcelona-Palma
de Mallorca-Tunis (La Golette)-Malta (Valletta)-Baho-Civitavecchia. During the same seasons in 2010
the route was Civitavecchia-Savona-Barcelona-Palmé/allorca-Tunis (La Golette)-Malta (Valletta)-
Catania-Civitavecchia (see Figure 1).

2.3 Calculation of aerosol composition

Concentration values of $§ NH," and NQ were directly retrieved from IC analysis, whilé al
the other aerosol components were obtained froncdmebination of analyzed species and conversion
factors: thesea saltcomponentwas calculated from the measured Na and CI coratéorir values
(Seinfeld and Pandis, 1998), taking into accouetdbawater composition, the minedaist component
was obtained by multiplication of nss¢¢nssC&", non-sea-salt calcium, i.e. the amount of Ca itees
of the contribution from sea salt) by 5.6, , théuearetrieved by Putauet al. (2004) outside of Saharan
dust events, since the nsdCeoncentration was found to be in the range of entrations observed in
the absence of such dust events. Organic Matter) (@& estimated as OM=1.4 * OC, applying the
conversion factor from Turpin and Lim, 2001.

The contributions of different sources to the satehcontent was estimated based on marker compounds
as described in the Appendix (Table E4).
2.4 Analysis by Positive Matrix Factorization.

Time series of elemental concentrations BC and Piéblained by the OPC) collected during
the two cruises were treated by Positive Matrixtéiazation (PMF) to identify and characterize thajon
PM10 sources along the ship route. Most often, P&=in general all the receptor models, is used to
analyze data collected at a fixed site (the “reméptvhere concentration values of PM component$ an
of gaseous pollutants are modulated by meteorabgionditions and source emission patterns. In the
case of a moving receptor (the ship), the conctotr® of PM components and gaseous pollutants are
modulated also by the change in the coordinatespite of this additional complexity, PMF analyhis
previously been successfully applied to measuresngeatformed from ships (Bhanuprasstdal, 2008;
Morenoet al, 2010).

PMF has been described in detail by its develoffeastero and Tapper, 1994; Paatero, 1997)
and has been adopted in several studies for PMpt@cenodelling and for the assessment of particle
source contributions (e.g. Kimt al, 2001; Liuet al, 2003; Ramadagt al, 2003; Qinet al, 2006). In
this work, the PMF-2 version and the methodologgcdibed in Cuccia et al. (2010), were used. The
Polissaret al. (1998) procedure was used to assign measurecddtassociated uncertainties as the PMF
input data.

2.6 Calculation of back trajectories
Backtrajectories  were calculated using the US  NOAAlysplit  website

((http://ready.arl.noaa.gov/HYSPLIT.php),) with GBAmeteorological data (1x1 degree horizontal

resolution, 23 vertical layers). For each filted&ys backtrajectories arriving at 50 m and at ’0&bove

sea level were calculated for the positions whieeefitter sampling started and ended plus at theitipa
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halfway through the sampling period. Based on thiegectories, samples were classified as ‘marihe’

the air masses had been over the sea for at leaktdt 48 hours.

3. Results and discussion
3.1 Meteorological conditions
Weather conditions during the sampling campaigneeveharacterized by complex situations
with anti-cyclonic systems over the Western Medéteean (see examples of synoptic maps in Figure E3

in the Appendix withelectronic supplementary matefjalrhe anticyclonic system was less stable in 2010

than in 2009 with lower temperatures EZZ vs. 27 C average temperature) and stronger winds.
3.2 Exclusion of non-representative data

Between the 17th and 19th June a particular epigdttiea large increase in Al, Si, K, Ca, Fe, Ti,
BC concentration values (s€égure E4 in the electronic supplementary matgriklappened when the
ship was sailing from Tunis to Catania. Back-tregees, computed with the NOAA Hysplit Model show
air masses starting near the African coast andmapss the Messina Strait, which may explain thrgda
increase of crustal and anthropogenic species gitiis period. This time period was not considered
the PMF analysis (see below) because not beingseptative of the average PM composition.
3.3 PM10 apportionment
3.3.1 Apportionment based on chemical marker comgsu

The chemical composition of the Ramples collected during the cruise in 2010, ¢aled as
discussed in Chapter 2.3, is shown in Figure 2aiat information about measured concentrations are
given in the Appendix (Tables E1-E3).

It is seen that sulphate is generally the most daninspecies (apart from samples with high
levels of sea salt), accounting for 38% and 44%thef measured components in 2009 and 2010,
respectively. Sulphur, which concentrations werd a@related with those of soluble sulphate meadur
by lon Chromatography Analysis 0.8 in 2009 and 0.9 in 2010), was predominantly found in the
fine fraction (with &, being about 90% of total S) which thus appearsatee its origin predominantly
from secondary formation in the atmosphere and cstiin. The highest contributions of sulphate to
aerosol mass were found over the sea, where thrageveontribution by mass is 52%. Organic aerasol i
only a minor fraction but it should be noticed tfiter sampling of organic aerosol can be subject
severe artifacts (Turpin et al., 2000).

The results of the present study can be comparéd amother study performed along a route
across the Mediterranean from Barcelona to Istadbrihg March and April, 2008 (Moreno et al., 2010)
The sea salt component seems to be similar whié ahd Elementary and Organic Carbon components
are higher and the sulphate component is lower thandata. These differences may be related to
different meteorological conditions..

The total sulphate can be divided in specific congrs (sea salt sulphate; non sea salt sulphate:

crustal, biogenic, anthropogenic) and calculatsdgimarker compounds as described in the Appendix
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(Table E4); the results of such calculations far 114 June 2010 cruise are reported in Figurehg. T
nss-sulphate of biogenic origin (i.e. from the @tidn of dimethylsulfide, DMS) was derived from the
measurements of MSA in the samples through theigeldound by Batest al. (1992), assuming an
average ambient temperature of 22 °C; which givealae of 0.09 for the ratio, by mass, of MSA/SO
where SQ here refers to sulphate formed by the oxidatiorDMS. Assuming an uncertainty on the
average temperature of +/°8, MSA/SQ is found to be in the range 0.03-0.15. This presic best
estimate of sulphate of biogenic origin but it mbst kept in mind that other factors than tempeeatur
appear to influence the ratio between the MSA aphsite yields by the oxidation of DMS (Castebrunet
et al, 2009), and this adds an additional uncertaintyéoestimate.

Observations made by Udigt al. (unpublished data) at the site of Leghorn (Livoriig are
congruent with the assumption of a ratio close .tb lfetween the yields of MSA and sulphate by the
atmospheric oxidation of DMS: It was found that fiecreasing MSA concentrations the MSA/S®end
approached a limit value of approximately 0.1. AsBlg that biogenic emissions at the highest MSA
concentrations is the dominating source of sulphais could be taken as an estimate of the MSA/SO
ratio by the atmospheric oxidation of DMS at thite $n the Western Mediterranean. The measurements
were carried out during the period March 2009 tad&2010.

The major contribution to SQvas from nssSQof anthropogenic origin. The contribution from
crustal material, as estimated by this approadbelisw 1%.

3.3.2 Correlations between S and other speciedeage of the impact of ship emissions

This analysis was performed on samples obtainedideutof harbours as described in the
Appendix.

In the following, correlations with r exceeding/Care denoted as ‘strong’. When ‘coarse’ or
‘fine’ is not specified, the values refer to thersaf the two collecting plates in the streaker.

The PIXE correlation matrices for both years shdwmwrgy and highly significant (p<0.005)
correlations of §ase With Na and Mg which clearly must be assignedhe tontribution by sea-salt
which has relatively high contents of both Mg & {.2% and 8% of the Na content, respectively, CRC,
2000). In 2010 KaseWas also strongly correlated to Si, Al ang Jd&.which must be explained by the
contribution from mineral dust.

For what concerns the entire dataset, in neithetheftwo campaigns was;»s found to be
strongly correlated to any other element. For wé@icerns the ionic species, nsg3©found to be
strongly correlated to Nkl which must be caused by a relevant contributibammonium sulphate to
nssSQ. The correlations of MSA with the sulphur speces not significant so the correlation matrices
do not give clear evidence of a biogenic influencethese. It should be noted, that there aredets
points for the chemical species so it is more @hjiko observe statistically significant correlasothan
in the PIXE data.

A fraction of the particulate matter directly eraitfrom a ship-engine consists of metal oxides,

originating from trace metal impurities in the fuald lubricant oil; among these are V and Ni, trat



258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

found to be typical constituents of ship emissifvignaet al, 2009 and references therein). These two
elements were predominantly found in the fine foactand almost totally absent in the coarse fractio
sampled on the streaker during the two cruises.\Tte Ni concentration ratio found in literaturer fo
particles formed by heavy fuel oil combustion, Itgpically in the range 2-5 (e.g. Becagti al,, 2011;
Viana et al, 2009; Mazzeiet al, 2008). The mean V to Ni concentration ratios meas along the
cruises were generally close to 3, apart from #gs ISavona-Barcelona and Barcelona Palma in 2009,
where they were between 1 and 2. V and Ni werenglyocorrelated both years. Dust particles too
contain vanadium and nickel (Viaef al, 2009; Morencet al, 2010); however they are mainly found in
the coarse fraction (Van Dingenehal, 2004) and as, moreover, the correlation with & wery weak,

it was concluded that these elements were suitedders of anthropogenic emissions from combusifon
undistilled liquid fuels. This is in line with thebservations made by Morepbal.(2010).

V and Ni show significant correlations to BC and,3® 2010 while these correlations were
much weaker in 2009.

For the year 2010, a sufficient number of filteB$ With ‘marine’ trajectories were available to
allow observing significant correlations. In thiase the correlation between V, Ni and nss8O
stronger and the p-value is below 5%. Nsg®0Dalso found to be strongly correlated with BGieT
positive correlations with SCor NQ, are not found in this case while the correlatiathvBC remains,
This difference may be ascribed to a longer atmesplifetime of BC than of SOand NQ.

The square of the Pearsons correlation coefficiadicates how much of the observed variation
of a variable can be explained by the variatiommdther variable (assuming a linear dependence)s,Th
from the observed correlations of V and Ni witht 8an be deduced that during the cruise in 201% 24
or 26% of the observed variations in the S-contdnthe aerosol samples could be explained by the
variation in V or Ni, respectively. For 2009 thesgrelations are not significant. For sea-trajgeto
only, correlations of V and Ni with S are much sger, with f values of 0.5 for both of these
correlations; looking at the chemical measuremergtgations in V and Ni explain 67% and 52% of the
variations of nssSg respectively. Thus, as it may be expected, sgeetories show the strongest
evidence of the influence of ship emissions

In the leg Palma-Tunis, where the ship crossesia naval route in the Mediterranean Basin, a
strong correlation between;,s V and Ni was found. Peak values of V, Ni ang. %re found to be
coinciding also in other parts of the route of @dBacifica (Fig. E5 in the Appendix). These obsiona
support the notion that ship emissions are an itapbsource of &, in parts of the route.
3.3.3PMF analysis

The datasets used as input to PMF (one for th® 20@ one for the 2010 cruise), included the
most abundant elements obtained by PIXE analysithéosea legs during both the 2009 and 2010 uise
with a total of 273 hourly values for each spedlesurs when the ship was entering or stopping @ th
harbours were excluded). The fine and coarse fnaaif Na, Mg, Al, Si, Cl, K, Ca, Fe, V and Ni were

summed to get hourly concentration values in PMXllevonly S was included in the PMF data set
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divided in its fine (§ and coarse (pfraction since the two time series turned outtoobe correlated.
This is not surprising since S in the coarse foarcis expected to be dominated by ss&@d mineral dust
while in the fine fraction S is likely to come frooombustion sources and gas phase oxidation ¢f SO
The two datasets were completed including the serges of hourly average BC concentration values
and PM10 mass concentration (from the OPC).

Four sources were resolved with both of the dats, send labelled, according to their
characteristic tracers, aSea Sal{Na, Cl),CombustionSi. V, Ni, BQ, Crustal (Al, Si), Not Identified
(Figure 4 for the 2010 cruise aRtéjure E6 in the Appendifor the 2009 cruise):

Sea Salt: the Cl to Na concentration ratio is adoQr® (average of 2009 and 2010 cruises),
which is smaller than the literature value of 1Skiffeld and Pandis, 1998). This can be due to CI
evaporation in the atmosphere. It is well knowrt tha Cl concentration can diminish through reaxgio
between the marine aerosol and nitric acid (Sedrdield Pandis, 1998), sulphuric acid (Sieglal, 1995)
and SQ (Sieveringet al,, 1991); the very low Cl to Na value found in tetsdy may be explained by the
low concentration of sea salt compared to acidimmpanents of the aerosol. Most of iS found to be
associated with sea salt, however algQ &nd crustal elements, mainly during the 2009 erusse seen
in the profile.

Combustion: the V to Ni concentration ratio in thefile is the same for the two campaigns,
~2.9 £ 0.4, in agreement with the values reportethe literature as being typical of ship emissjas
discussed above. This points to a strong contdbudf ship emissions to this source which, howgver
also has relevant contributions from elements thanot be assigned to ship emissions (K, Ca, F&. T
analysis does not allow distinguishing between sdany and primary sources of sulphate, however for
the case of ship emissions several studies hawerstivat sulphur is emitted predominantly as,SO
primary sulphate emissions are in the range 1-6%hefuel sulphur content (Alfoldgt al, 2013). The
source profile is rich in S with an; $ V mass concentration ratio in the PMF profile (.05 +
0.06)x1G, which corresponds to a sulphate to V concenmatatio of around 300. For comparison,
average sulphate to V mass ratios of 16 and 24 feered in particles emitted from ships at the harbo
of Rotterdam (Alfoldyet al, 2013). Thus it appears that only a minor parSofmay be assigned to
primary ship emissions of particles.

_Crustal:The concentration ratios in the profile are pastidifferent from the literature values of
average crustal abundance. In both of the yeaesSiltio Al ratio (2.3 for 2009, 1.7 for 2010) aimitar,
but less than the average literature value (3.45avia1966); the Ca to Al ratio found in 2010 (1id)
higher than the reference value (0.44); this maylbe to a contamination by aerosol of anthropogenic
origin or to the fact that mineral dust may welvbaa composition different from that of the crustal
average. In fact, it is known that the Si/Al raticaerosols is lower than the Mason value for raks to
the presence of clay minerals (Rahn, 1976).

Not Identified: the profile is characterized byatdlely elevated concentrations of Na, Al, Si, S,

K, Ca, Fe and BC. It looks therefore as a comhimatif aged marine aerosol (high EV of Na and Mg,
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low for Cl) and anthropogenic particulate mattenkiably this cannot be considered as a real sobrte,
rather as a residual sum of the different sourcesamt in the area that the model does not mamage t
distinguish.

The PM10 apportionment in each leg during the 2€rGse is shown in Figure 5 while Figure 6
shows the average apportionment for single elemamdsBC. It turns out thaCombustiorcontributes,
on average, to about 55% and 63%, respectivelyMi®Pand BC (Figures 6,7). It is worthwhile
repeating that this source most likely containsnaportant secondary componengaSsaltconstitutes on
average 18% of PM10. The contribution of minerastdis low, however it should be noted that this
contribution may be important under some conditieng. during the episode from 17-19 June
The apportionment was not possible with the 200@ dince no information was available on PM10
concentration during that cruise, however the faotors extracted by PMF are reported in relatinisu
in Figure E6 in the electronic supplementary matdéoir comparison.
3.3.4 Comparison of PMF and “chemical” apportionnien

The PMF apportionment of sulphur (sum of fine aodrse fractions,;&nd Q) can be compared
with the percentual contributions to total sulphaitéained by the IC analysis of the quartz filtemsnpled
from 7th to 14th June 2010 (one week only, as MS¥s wot measured in 2009). Results are given in
Table 2 for each leg and for the whole week. The &pproaches show a good agreement for the sulphate
of marine origin while the PMF apportionment givagnificantly higher contributions from the crustal
part than what is found by the chemical apportionthehere the contribution of mineral dust was
estimated as being neglible because of the lowageercontent of sulphate in crustal material. This
discrepancy can be explained by the fact that thehsr content of atmospheric mineral dust can be
strongly influenced by sulphate coatings, generatgdby in-cloud processes (Usle¢ral, 2003). The S
fraction attributed by PMF to théombustiorsource is comparable to the sum of the anthropogemd
biogenic sulphate derived with the chemical analysi80 - 90%, for the first week of the 2010 osis
This is not surprising since the PMF data set cowldinclude any tracer of biogenic sulphate préidac

and thus cannot resolve this specific contribution.

4. Conclusions

The study has provided information about the saurok aerosol collected during the two
summer campaigns in the Western Mediterranean ghroapportionment using chemical marker
compounds, correlation analysis and PMF receptodefing. A main scope of the analysis was to
quantify the contribution of ship emissions to $dfe in particles. Sulphate was found to accoumt, i
average, for around 40% of the total particle nmiaske two campaigns

The analysis based on chemical marker compoundwesh for the year 2010 only minor
contributions of dust and sea salt to sulphate evtiie biogenic contribution, estimated based on the

measurements of MSA, was found to be more import262o), but influenced by large uncertainties.
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Most of the sulphate (66%) could not be explaingd nlatural sources and was thus assigned to
anthropogenic influences.

V and Ni were found to be suitable tracers forsmioins stemming from burning of heavy fuel
oil and they were found in a ratio typical of slEmissions. The correlations of V and Ni with sukgha
showed a strong influence of ship emissions orefédPalma-Tunis, crossing a main ship routeq9),
and similar impacts in other parts of the routeweer, looking at the entire dataset and excluttiegl
plumes from nearby sources, the impact of ship €onis on sulphate according to this analysis wes le
pronounced. Restricting the dataset to trajectquessing over the sea for the last 48 hours leaa to
considerable increase in the observed impact pfamissions.

The hourly data set was analyzed by PMF and $ources were resolved with both the data
sets, and labelled, according to their charactettsdcers, asSea Sal{Na, Cl), CombustionS;,e, V, N,
Crustal (Al, Si), Not Identified ‘Combustion’ which shows evidence of a contribution by shipssions,
was found to contribute by 55%, 63% and 80% to PMBKD and sulphate respectively.

Summarizing the results it can be concluded thgt emissions were found to be an important
source of aerosols in the Western Mediterraneawgefher their impacts show large spatial and temporal

variations.

Acknowledgements

Thanks are due to Costa Crociere and to the captaincrew of Costa Pacifica. The technical
assistance of V. Ariola of the Department of Physi€ the University of Genoa, of Rosanna Passarella
and Kevin Douglas of JRC and of the whole staffhaf INFN-LABEC laboratory in Florence has been
highly appreciated. This work has been partiallpparted by INFN under the grant for the NUMEN

experiment.

11



392

393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437

References

Alfoldy, B., J. Balzani L6dv, F. Lagler, J. Mellg¢, N. Berg, J. Beecken, H. Weststrate, J. DuyzeBencs, B. Horemans, F.
Cavalli, J.-P. Putaud, G. Janssens-Maenhout, AeP@sordas, R. Van Grieken, A. Borowiak, J. Hjp&013. Measurements of air
pollution emission factors for marine transportatidtmos. Meas. Tech. Discuss., 6 (7), 1777-1791,
http://www.atmos-meas-tech.net/6/1777/2013/amt-B#12013.html

Ariola, V., D’'Alessandro, A., Lucarelli, F., Marczan, G., Mazzei, F., Nava, S., Garcia Orellan&®&rati, P., Valli, G., Vecchi, R.,
Zucchiatti, A., 2006. Elemental characterizatidrPM10, PM2.5 and PM1 in the town of Genoa (Italghemosphere 62, 226 —
232.

Bates T., Calhoun J., Wang Y., Quinn P., 1992. &tems in the methanesulphonate to sulphate makiw m submicrometer

marine aerosol particles over the south pacif océaurnal of Geophysical research, 97, 9859-9865.

Becagli, S., Sferlazzo, D. M., pace, G., di SaraBommarito, C., Calzolai, G., Ghedini, C., Luebir F., Meloni, D., Monteleone,
F., Severi, M., Traversi., R., Udisti, R. 2011. id&nce for ships emissions in the Central Medite¥ean Sea from aerosol chemical
analyses at the Island of Lampedusa. ACPD 11, 229937.

Bhanuprasad, S.G.,Venkataraman, C., Bhushan, M8.2Bositive matrix factor- ization and trajectanodelling for source
identification: a new look at Indian Ocean experittship observations,.Atmospheric Environment,4836-4852.

Calzolai, G., Chiari, M., Garcia Orellana, I., Luelfi, F., Migliori, A., Nava, S., Taccetti, F., 28. The new external beam facility
for environmental studies at the Tandetron acceledcd LABEC. Nuclear Instruments and Methods B242), 928-931.

Castebrunet, H., Martinerie, P., Genthon, C., Gosi 2009. A three-dimensional model study of meésulphonic acid to non
sea salt sulphate ratio at mid and high-southetitud@s, Atmos. Chem. Phys., 9, 9449-9469, wwwoatohem-
phys.net/9/9449/2009/

Cavalli, F., Viana, M., Yttri, K.E., Genberg, Jutiud, J.P, 2010. Towards a standardised therntigabprotocol for measuring
atmospheric organic and elemental carbon: the EUS abtocol. Atmospheric Measurement Techniques9:89.

Chiari, M., Lucarelli, F., Mazzei, F., Nava, S.,peeetti, L., Prati, P., Valli, G., Vecchi, R., 2008irborne particulate matter
characterization in an industrial district nearrBlece, by PIXE and PESA. X ray Spectrometry 34,-323.

Cuccia, E., Bernardoni, V., MassaboD., Prati, RliVG., Vecchi, R., 2010. An alternative way tetermine the size distribution of
airborne particulate matter. Atmospheric Environteh 3304-3313.

CRC handbook of chemisrry and physics? 8dition, 2000-2001, Editor D.R. Linde, CRC Pre)0.

Formenti, P., Prati, P., Zucchiatti, A., Lucarefli, Mando, P.A., 1996. Aereosol study in thex@e area via a two stage streaker
and PIXE analysis. Nuclear Instruments and MetigiiE3, 359-362.

Kalivitis, N., Gerasopoulos, E., Vrekoussis, M.,Karakis, G., Kubilay, N., Hatzianastassiou, N.rdévas, |., Mihalopoulos, N.,
2007. Dust transport over the eastern Mediterranegived from Total Ozone Mapping Spectrometer,o&el Robotic Network,
and surface measurements. J. Geophys. Res. 1120P0$0i:10.1029/2006JD007510.

12



438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

Kim, E., Larson, T.V., Hopke, P.K., Slaughter, Sheppard, L.E., Claiborn, C., 2001. Source idewtifon of PM2.5 in an arid
Northwest U.S. City by positive matrix factorizatiocAtmospheric Research 66, 291-305.

Lelieveld J., Berresheim H., Borrmann S., Crutzed,FDentener F., Global air pollution crossroagerahe Mediterranean.,
Science 298(5594), 794-799

Liu, W., Hopke, P.K., Han, Y.J,. Yi, S.M, Holsen,M, Cybart, S., Kozlowski, K., Miligan, M., 2003pplication of receptor
modeling to atmospheric constituents at Potsdantamckton, NY. Atmospheric Environment, 37, 499180

Lucarelli, F., Calzolai, G., Chiari, M., Giannor¥}., Mochi, D., Nava, S., Carraresi, L., 2013. Tinegraded external-beam
PIXE/PIGE set-up at LABEC for very fast measurermeon aerosol samples, Nucl. Instr.and Meth. in PRes. B. , doi:
http://dx.doi.org/10.1016/j.nimb.2013.05.099

Mando, P.A., 2009, INFN-LABEC, Nuclear Techniques €ultural Heritage and Environmental Applicatioh&iclear Physics
News, 19, 5-12.

Marmer E., Langmann B., 2005. Impact of ship emission the Mediterranean summertime pollution dirdate: a regional
model study., Atmospheric Environment39, 4659-4669.

Mason, B. H., Principles of Geochemistry, Wiley669

Mazzei, F., D'Alessandro, A., Lucarelli, F., Na\&, Prati, P., Valli, G., Vecchi, R., 2008. Chaeaiziation of particulate matter
sources in an urban environment. Science of TatairBhment 401, 81-89.

Moreno T., Perez N., Querol X., Amato F., Alastuwey 2010. Physicochemical variations in atmospheagoosol recorded at sea
onboard the Atlantic- Mediterranean 2008 Scholdp 8tuise., Atmospheric Environment 44,2563-2576.

Moreno T., Pérez N., Querol X., Amato F.,Alastuey Bhatia R., Spiro B., Hanvey M., Gibbons, W., @0Physicochemical
variations in atmospheric aerosols recorded absehoard the Atlantic-Mediterranean 2008 Scholap Stuise (Partll): Natural
versus anthropogenic in fluences revealed by Pka6e element geochemistry, Atmospheric EnvironMdn2563-2576.

Nigam, A., Welch, W., Wayne Miller, J., and CocligrD. R., 2006. Effect of fuel sulphur contentdacontrol technology on PM
emission from ship’s auxiliary engine. Proc. Weérosol Conf., St. Paul, USA, 10-15 September 20681-1532.

Paatero, P., Tapper, U., 1994. Positive Matrix éi@mition: a non-negative factor model with optiratilization of error estimates
of data values. Environmetrics, 5, 111-126.

Paatero, P., 1997. Least square formulation ofsbbonnegative factor analysis. Chemometrics atedlitrent Laboratory Systems,
223-224.

Polissar, A., Hopke, P.K., Paatero, P., Malm, &Gle§ J.F., 1998Atmospheric aerosol over Alaska, 2. Elemental casitjgm and
sources,Journal of Geophysical Research, 103, D15, 191®657.

Putaud, J.P., Van Dingenen, R., DellAcqua, A., Rde, Matta, E., Decesari, S., Facchini, M.C.,Zru3., 2004. Size-segregated

aerosol mass closure and chemical composition int&&imone (I) during MINATROC. Atmospheric Chemysand Physic, 4,
889-902.

13



485
486
487
488
489
490
491

492
493

494
495
496
497
498
499

500
501

502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531

Qin,Y., Kim, E., Hopke, P. K., 2006. The concerntmas and sources of PM2.5 in metropolitan New Y@iky. Atmospheric
Environment 40, Supplement 2, 312-332.

Rahn, K. A., 1976. Silicon and aluminum in atmosghaerosols: crust-air fractionation? Atmosphénivironment 10, 597-601.

Ramadan, Z., Song, X.H., Hopke, P.K., 2003. |d&atifon of sources of Phoenix aerosol by positiarin factorization. Journal
of Air and Waste Management Association 50, 1308913

Schembari, C., Cavalli, F., Cuccia, E., Hjorth, Qalzolai, G., Pérez, Pey, J., Prati, P., F. RRes2012. Impact of a European
directive on ship emissions on air quality in Medianean Harbours. Atmospheric Environment 61;-669.

Seinfeld, J.H., Pandis, S.N., Atmospheric chemiatrg physics. John Wiley and Sons, 1998.

Sievering H, Boatman J, Galloway J, Keene W, KinlLMria M, Ray J., 1991. Heterogeneous sulfur cosiverin sea-salt aerosol
particles: the role of aerosol water content amd distribution. Atmospheric Environment Part A @l Topics 25,1479-1487.

Singh, H.B., 1995. Composition, chemistry and ctieraf the atmosphere. Van Nostrand Reinhold, NevkYo

Sokolik, 1. N., Toon, O. B., 1999. Incorporation wineralogical composition into models of the ré&d& properties of mineral
aerosol from UV to IR wavelengths, J. Geophys. R84, 9423-9444.

Turpin, B.J. and H.J. Lim, 2001. Species contrifmgi to PM2.5 mass concentrations: Revisiting comrassumptions for
estimating organic mass. Aerosol Science and Téagn®B5(1), 602-610.

Turpin,B. J., Saxena, P., Andrews, E., 2000. Meaguand simulating particulate organics in the apf®re: problems and
prospectsAtmospheric Environment 34, 2983}3013.

Udisti, R., Dayan, U., Becagli, S., Busetto, M.g$ini, D., Legrand, M., Lucarelli, F., Preunkert, Severi, M., Traversi, R., Vitale,
V. 2012. Sea-spray aerosol in central Antarcticasént atmospheric behavior and implications fdeqeimatic reconstructions.
Atmospheric Environment 52, 109-120, doi: 10.104640osenv.2011.10.018.

Usher, C.R., Michel, A.E., Grassian, V.H., 20B8actions on Mineral Dust, Chem. Rev. 103, 4883493

Van Aardenne, J., A. Colette, B. Degraeuwe, P. Hangim M. Viana, |. de Vlieger, 2013. The impactiternational shipping on
European air quality and climate forcing. EEA TeichhReport no. 4.

Van Dingenen, R., F. Raes, J.-P. Putaud, U. Balemger, A. Charron, M.-C. Facchini, S. DecesariF&zzi, R. Gehrig, H.-C.

Hansson, R. M. Harrison, C. Haugline, A. M. Joried, aj, G. Lorbeer, W. , Maenhaut, W., Paimgren(erol, X., Rodriguez, S.,
Schneider, J., ten Brink, H., Tunved, P., Torséth, Wehner, B., Weingartner, E., Wiedensohler, Wahlin, P., 2004. A

European aerosol phenomenology 1: physical chaistats of particulate matter at kerbside, urbamarand background sites in
Europe, Atmospheric Environment 38, 2561-257.

Velchev, K., Cavalli F., Hjorth J., Vignati E., Demer F., Raes F., 2011. Ozone over Western Meglitean Sea-results from two
years of shipborne measurements., Atmospheric Gitignaind Physics, 11, 675-688.

Viana, M., Amato, F., Alastuey, A., Querol, X., Z00Chemical Tracers of particulate emissions frammercial shipping.,
Environmental science and technology 43, 7472-7477.

14



532

533

534 Tables:

535

536

24-31 August 2009 7-14 June 2010

PIXE X
(streaker) X (also from 14 to 21 June)
Filters based sampling PM1 & PM10 PM10
ED-XRF X
IC X (PM10 only, no MSA) X
TOT EC EC & OC

537

538 Table 1 Sampling and subsequent laboratory analysespeetbduring the 24-31 August 2009 and 7-14
539  June 2010 cruises. Data collected during the episimat occurred from 17 to 19 June has been exglude
540 in the PMF analysis.
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PMF IC

Leg Sea salt Combustior Soil Not Id. Sea salt Anthrop. Biog.
S-B (3+3)% (89 + 4)% (2 £6)% (5 +4)% (3.7 £0.4)% 49( 5)% (47 £5)%
B-P (12 + 2)% (82 + 2)% (2 £5)% (3+3)% (3.2 £0.3)% (85 +9)% (11 + 1)%
P-T (19+5)% | (69+6)% | (3+7)% (9 + 6)% (18+2)%|  6B)% (19 + 2)%
M Q+5)% | (79+5% | (1+7)% | (10+5)% 8 +1)% ET)% (21 + 2)%
M-C 1+5% | (96+7)% | (2+7)% (1+2)%
c-C (5 £ 2)% (83 + 2)% (9 £5)% (4 £3)% (4.1+£0.4% 75 6)% (21 + 2)%
C-S | (14+5% | (65+5% | (B8+7)% | (13+6)% 10+ 1)%| 2E5)% (39 + 4)%
Mean (9 £3)% (81 + 4)% (4 £6)% (6 + 4)% (8+1)% 66+ 7 (26 £ 3)%

562

563 Table 2: Percent apportionment of total S (PMF) and tstéphate (IC) calculated in each leg of the firsek

ggg of the 2010 cruise. In the last row the mean vahregyiven.
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574  Figure 2. Chemical composition (% by mass) and concentratiof particles (Mass w) obtained by lon

575  Chromatography analysis during the sampling cammpaig2010. ‘POM_T’ and ‘EC_T’ are organic and
576 elemental carbon concentrations calculated bas¢leothermo-optical (transmittance) measurements.
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585  Figure 4 PMy source profiles (left axis) extracted by the PMFthwihe 2010 data set. On the right axis the
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591 Figure 5: Percentual contribution of the different sourceid,, during the 2010 cruise in each sea leg. Data

592  collected during the episode that occurred fromalZ9 June has been excluded in the PMF analysihel last
593  column the mean PM10 apportionment is given. LabelsX axis identify: S-B: Savona-Barcelona leg; B-P
594  Barcelona-Palma leg; P-T: Palma-Tunis leg; T-M: iStMalta leg; M-C: Malta-Catania leg; C-C: Catania-
595 Civitavecchia leg; C-S: Civitavecchia-Savona leg.
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24-31 August 2009

7-14 June 2010

PIXE X X

(streaker) (also from 14 to 21 June)
Filter based sampling PM1 & PM10 PM10
ED-XRF X

IC X (PM10 only, no MSA) X

TOT EC EC& OC




PMF Ic
Leg Sea salt Combustior Soil Not Id. Sea salt Anthrop. Biog.
S-B B3)% | (89+4)% | (2+6)% (5 + 4)% (3.7+0.4)% 49 5)% (47 £ 5)%
B-P 12+2)% | (82+2% | (2+5)% (3+3)% (3.2+0.3)% (85+9)% (11 +1)%
P-T (19+5)% | (69+6)% | (3+7)% (9 + 6)% (18 +2)%  (8F)% (19 + 2)%
™M Q5% | (79+5% | (1+7)% | (10+5)% 8+ 1)% ET)% 21+ 2)%
M-C L+5)% | (96+7% | (2+7)% (1+2)%
c-C G+2)% | (83+2)% | (9+5)% (4 + 3)% (4.1+0.4)% 750 6)% (21 + 2)%
CS | x5 | 65+5% | (8:7)% | (13+6)% 10+ 1)% 2(55)% (39 + 4)%
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Highlights:

e PM samples obtained with hourly resolution on a cruise ship were analysed

e Source apportionment by PMF with a moving receptor

e Sulphate apportionment based on chemical tracers (Na, Ca, MSA)

e Correlation analysis using V and Ni as tracers of ship emissions

e Ships have strong impact on sulphate concentrations in parts of the Mediterranean
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The following tables give detailed information abthe concentrations measured during the two cagngai

Appendix

Sampling Campaign 24-31 August 2009

(ngm?) PM 10; SD PM2.5; SD M DL
Na 825; 614 171;146 20
Mg 173; 108 63;38 23
Al 248; 148 146;96 19
Si 690; 330 449; 216 17
S 3009; 1355 2825; 1345 18
Cl 706; 963 15; 18 18
K 264; 85 185; 86 19
Ca 416; 435 107; 149 23
Ti 16; 10 10; 5 8
\% 14; 14 12; 14 5
Fe 174; 87 101; 50 2
Ni 7,8 5,7 1
Cu 2;1 11 1
Zn 11;11 9; 10 1

Sampling Campaign 7-21 June 2010

(ngm?) PM 10; SD PM2.5; SD MDL
Na 1258; 706 461; 386 36
Mg 253; 161 86; 84 23
Al 258; 492 204; 473 19
S 550; 1015 411; 974 16
S 1645; 976 1461; 961 17
Cl 1175; 1276 18; 16 18
K 226; 169 137; 164 18
Ca 333; 551 92; 132 27
Ti 8; 8 10; 17 9
\% 19; 34 17; 29 8
Fe 117; 196 79; 175 2
Ni 7;12 6; 10 1
Cu 2;2 1;3 1
Zn 13; 28 14; 42 1
Pb 2,3 2,5 2
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Table E1: Averages and standard deviations of the elementatentration values of PM10 and PM2.5 measurestriepker sampling and PIXE analysis separated for

the 2009 and 2010 cruises. MDL is ‘minimum detectimit’. Measurements of Pb are not availableZ609.

BC O3 SO, NOy
24-31 August 2009 0.7+0.4 41.4+7.6 05+03 040.6
7-21 June 2010 0.5+0.2 449 +5.6 0.3+0.2 2BZ

Table E2. BC (ug m®), O; (ppbv), SQ (ppbv) and NQ (ppbv) concentration values (mean and standardatien) measured along the ship route during the tw
intensive campaigns and obtained from 2006 to 26d.¢he same months (June - August) and averageteofsummer” period (JJA, June — July — August). Sahd

NO, measurements started in August 2009 only.
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24-31 August 2009

Compound Max Min Mean = SD
NH, 4.0 0.5 23101
NO; 3.5 0.4 1.4+0.1
SO, 13.6 2.8 8.6+0.3
EC 0.8 0.1 0.20+0.02

Sea Salt 10.9 0.9 3.1+0.2
Dust 16.5 0.6 3.8+0.4
7-14 June 2010

Compound Max Min Mean * SD
NH,4 1.5 0.4 09+0.1
NO; 3.6 0.2 1.4+£0.3
SO, 6.9 1.7 4605
OoM 1.6 0.3 0.6+0.1
EC 1.2 0.3 0.80+0.01

Sea Salt 11.7 0.5 2.7x0.8
Dust 2.0 0.1 0.8+0.2

Table E3: Chemical composition of the Rylsamples collected along the sea legs on quarézsfibetween August. 24-31 2009 and June. 7-14.2Dd8centration

values are given in pgTnSee text for the composition of Sea Salt and DDt values are not available for the 2009 cruise.
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Total SO, Not sea salt SO Biogenic nssSQ(NssSQpio) .
- ’ -0 = - *
(nssSQ) (Total SQ — ssSQ) (Bates et al, 1992) MSA/ NSSSQpie% = -1.5*T°C + 42.2
_( O,
Dust nssSQ(NssSQr) nssSO o = ca [nssCa
cru

Table E4: Relations used to calculate the different contitins to the total S§; sea salt sulphate and not sea salt sulphateledivin: anthropogenic, biogenic and
crustal. A value of 0.252 g/g was used for theor&tween sulphate and sodium in seawater (SeiafeddPandis, 1998). Based on the sulphur conteotuistal
material (Mason, 1966), the ratio between sulplatt Ca in dust was estimated to be 0.021 g/g. Apgplthis factor to the experimental data the ed@aiarustal

contribution to nssSpwas found to be neglible (less than 1% on akifd].
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Inter-comparison of compositional data

In order to check the consistency of the dataPtle,elemental concentration obtained by PIXE were caegpavith the data obtained through
ED-XRF (only for the 2009 sampling campaign) andaltalysis of the quartz filters sampled during Astge4-31 2009 and June 7-14, 2010.,PM
elemental concentrations were obtained as the sumach element of its concentration in the find eparse fraction sampled by the streaker. Hourly
concentration values provided by PIXE were averanent the same time period of the sampling on gudrers. The streaker performance (i.e. the cut-
point values) have been found in previous experim@hiariet al., 2005; Mazzeet al., 2006) not to be completely corresponding to titernational
standards to collect P and PM, so differences in the absolute values can be ¢ggeElowever concentration values obtained by diffemethods
are expected to be correlated.

ED-XRF analysis: Quartz filters are characterizg@high Si content and this practically prevehtsdetection of light elements, in particular
from Na to Si. Moreover, medium energy X-Rays eaditirom S to K, are subject to significant selkatiation in the quartz matrix (Alessandri, 2011),
for this reason concentration values, obtained DYXRF analysis, were corrected by a multiplicatiaetor (S=1.7, Cl=1.7, K=1.5). In any case the
attenuation depends on the penetrating depth ofakparticles inside the filter and cannot be #yapiantified: as a consequence, this effect may
significantly increase the uncertainties on thecemtrations of these elements. Figure E2 (eleatrsmpplementary material) shows the PIXE to ED-
XRF concentration ratios for elements detected githd statistics for the 2009 filters campaign.

lon Chromatography (IC): The ratios between theceotrations of the elements in PM10 (PIXE vs. B2§ reported in Figure E3 (electronic
supplementary material) for the 2009 and 2010rfid@mpaigns. The overall picture shows a good @iroa between PIXE and IC data (RD.7, see
Figures E.3), with concentration ratios variableaszn 1.0 and 1.8. It should be noted, that PIX&8yes measures the total concentrations of the
elemental species while IC measures the soluble faaction of that species: this may partially &ip the higher values obtained by PIXE. OPC-
Gravimetric comparison: The mass concentrationes(?PM10) provided by the OPC were compared wighgttavimetric PM10 concentration values
on the quartz filters sampled during the 2010 exul$he two time series turned out to be correlé®t= 0.7) with PM100PC=0.94 PM10grav. The
hourly PM10 values obtained by the OPC were theeeforrected and used to apportion the PM10 masss@ction PM10 apportionment).

Corréation analysis
For this analysis, filters and streaker samplesvaigpevidence of plumes from close-by emissionsfghip stacks were discarded because
otherwise the observed correlations might be styoinduenced by local peak values. The selectibfiliers to be discarded was done based on the

observation of concentration peaks of,S& high sulphur emission rates are a charadteigstture of emissions from stacks on sea-goitgssifilters,
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where the integrated S@oncentrations in peaks exceeded 10% of theitdtgrated S@were discarded. ‘Peaks’ were defined as concémsat
exceeding 3 times the average. The resulting databéch is the basis of the following analysisirighe following referred to as the ‘filtered data

The correlation matrices (Pearsons correlatiofffictent) for the hourly elemental concentratiodues obtained by PIXE analysis of the
streaker samples and for the chemical specieslantkats in filter samples were calculated, for eafcthe two years. The same correlation coeffigent
(r) were also calculated for samples with mariagetitories (see above) for the year 2010. Filtedssdreaker samples from harbours have not been
included. Also the p-value was calculated, the jpevgs an estimate of the probability that the obse correlation is due to random variation of the
parameters. The continuous measurements of traes a0 minute resolution) and the PIXE measuresr@reglements sampled by the streaker (one

hour resolution) were integrated over the periodsne the filters were sampled.
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Figure E.1: Comparison between elemental concentration gatis@ermined by ED-XRF analysis of the quartzrilté« axis) during the 2009 cruise and the
corresponding data obtained by the streaker + RiXd&ysis (y axis).
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Figure E2: Comparison between elemental concentration valeesrmined by IC analysis of the quartz filtersafis) during the 2009 (A) and 2010 (B) cruise
and the corresponding data obtained by the stredketE analysis (y axis).
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Figure E4: Time trends of elemental concentration valuessuesl during the second week of the 2010 cruise:

an episode characterized by high Al, Si, K, CaaRé BC concentration values occurred between 18 aridine

and was discarded in the PMF analysis
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117 Figure E6: PMyg source profiles (left axis) extracted by the PMRwthe 2009 data set. On the right axis the
118 Evaluation Factors (EV) for each element/compouedgaven (white circle)
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