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Abstract. A unique opportunity arose during the MAP wind speed at Mace Head during the comparison period.
project to compare open ocean aerosol measurements withloreover, the relative chemical composition as a function
those undertaken at the Mace Head Global Atmospher®f size illustrated remarkable similarity. While differences to
Watch Station, a station used for decades for aerosol provarying degrees were observed between offshore and coastal
cess research and long-term monitoring. The objective oimeasurements, no convincing evidence was found of local
the present study is to demonstrate that the key aerosol feaoastal effects, apart from nucleation mode aerosol, thus con-
tures and processes observed at Mace Head are charactéirming the integrity of previously reported marine aerosol
istic of the open ocean, while acknowledging and allowing characterisation studies at Mace Head.

for spatial and temporal gradients. Measurements were con-
ducted for a 5-week period at Mace Head and offshore, on

the Research Vessel Celtic Explorer, in generally similar ma-L  Introduction

rine air masses, albeit not in connected-flow scenarios. Th . . . . -
G/\B\tmospherlc aerosols in the marine environment originate

results of the study indicate, in terms of aerosol number sizg L .
L ) : . . rom a combination of primary and secondary sources. The
distribution, higher nucleation mode particle concentrations

at Mace Head than offshore, pointing to a strong coastaP’'™many component, sea spray ae_rosol, IS produced.through
. . . hysical mechanisms from breaking waves and white caps
source of new particles that is not representative of the ope

ocean. The Aitken mode exhibited a large degree of similar- Blanchard, 1983; Spiel, 1994, 1997, 1998). The sec-

ity, with no systematic differences between Mace Head an qondary fraction derives from gas-to-particle conversion pro-

the onen ocean. while the accumulation mode showed avelceSSeS: which involve biogenically emitted precursors, such
P ' as dimethyl-sulphide (DMS) (Charlson et al., 1987).

o i . .
agely 35% higher concentrations at Mace Head. The higher Starting from the 1990s, several studies investigated surf-

accumulation mode concentration can be attributed equall% . .
. : one effects in the production of aerosols by means of phys-
to cloud processing and to a coastal enhancement in con-

. ) . . . ical and optical measurements. Aerosol size distributions
centration. Chemical analysis showed similar or even hlghe(Nere investigated by de Leeuw et al. (2000) over the surf
offshore concentrations for dominant species, such as nss- 9 y ‘

SO;Z, WSOC, WIOC and MSA. Sea salt concentration dif- Zone at two coastal sites in the US by comparing the mea
. . : surements performed at the base and at the end of a pier in
ferences determined a 40% higher supermicron mass at Mace . "
o . . onshore wind conditions. The study demonstrated that the
Head, although this difference can be attributed to a higher ; . . .
aerosol concentration over the surf increased in the size range

between 0.5 and 10 um, due to local production by breaking
waves. However, the authors highlighted that the surf-zone

Correspondence ta¥l. Rinaldi effect was size-dependent, influencing coarse particles more
BY (m.rinaldi@isac.cnr.it) strongly than the submicron size fraction.
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Surf-zone particle production was also investigated atstudy is not to prove that what is measured at Mace Head is
Mace Head, on the west coast of Ireland, during the PAR-identical to that upwind and over open oceans, as this would
FORCE campaign in 1998-1999, by means of lidar scansrequire a constraint of no marine aerosol formation and trans-
finding significant primary aerosol plumes produced by waveformation processes. It is more to show that the key aerosol
breaking in the surf zone and over the open sea (Kunz et alfeatures and processes observed at Mace Head are character-
2002). During transport to Mace Head, vertical dispersionistic of open ocean features and processes, while acknowl-
caused the dilution of primary aerosol, leading the authors teedging and allowing for spatial and temporal gradients.
conclude that the influence of these plumes on concentrations
measured at Mace Head was relatively small, if any. An at-2 Experimental set up
tempt to quantify the effect of the plumes was performed by
direct measurements at Mace Head (Kleefeld et al., 2002)The field experiment was carried out as part of the EU Project
in good agreement with de Leeuw et al. (2000), submicronMAP (Marine Aerosol Production, sehttp://macehead.
aerosol was found to be unaffected by particles produced bywigalway.ie/map!
wave-breaking. Concurrent measurements were performed from 11 June

The above studies, however, do not provide informationto 6 July 2006, at the coastal site of Mace Head (MH), Ire-
on the influence of coastal processes on the chemical conland, and over the open ocean onboard the research vessel
position of marine aerosol. From the chemical point of view, Celtic Explorer (CE) sailing off the west Irish coast. In this
the concept of coastal effects can be extended beyond that gieriod of the year the phytoplankton bloom typically reaches
enhanced particle production over the wave-breaking zonea maximum in the eastern North Atlantic Ocean. The route
including the effect of the coastal biota on aerosol chemi-of the CE during MAP and the location of MH are shown
cal composition. In fact, the coastal biological activity can in Fig. 1. The route of the CE was decided day-by-day in
influence marine aerosol properties through the emission opursuit of highly biologically active sea waters, as monitored
gaseous precursors or modifying the sea spray compositioby satellite (MODIS). Average chlorophydi-concentration
(Facchini et al., 2008a). In this case the definition of coastwas 1.4¢-0.8) mgn13 (Facchini et al., 2008a; M., Martino,
relates to a coastal zone of the order of 100 km in extentpersonal communication, 2007), representative of highly bi-
O’'Dowd et al. (2004) and Cavalli et al. (2004) reported re- ologically active sea waters.
sults for the chemical composition of marine aerosol samples The investigation of background marine particle properties
collected at Mace Head, providing indirect evidence that theover the open ocean and at the coastal station was performed
aerosol chemical composition and size distributions observeddy a selective collection of samples in clean marine air
there were not biased by the proximity of the shoreline normasses. These were defined at MH according to the follow-
by the coastal biota (O’'Dowd et al., 2004, online support-ing criteria: the computer-based sampling system ensured
ing material). Simple calculations demonstrated that, assumenly sampling of air (a) reaching the site from a controlled
ing both internally and externally mixed marine aerosol, theoceanic clean sector between 180 and®3(f) having a total
aerosol organic fraction could only be attributed minimally, if particle number concentration below 700¢hand (c) hav-
at all, to coastal production. The same authors also reporteihg black carbon concentrations lower than 50 ngfmOn-
the results of principal component analysis, eddy-correlatiorboard the CE, sampling was performed only when the ship
flux measurements and Aerosol Mass Spectrometry gradiwas impacted by westerly air masses. During sampling, the
ent measurements, confirming a very low contribution of thevessel was oriented with the inlets upwind of the funnels of
shoreline to aerosol number concentration at Mace Head. Ithe ship. On-line and post-sampling checking of particle con-
a subsequent experiment, Ceburnis et al. (2008) estimatecentrations by a Condensation Particle Counter confirmed
that coastal-generated aerosol might contribute between 5the sampling of clean air.

20% of the aerosol particle mass concentration at Mace Head The use of the “clean sector” sampling criterion was nec-
in the 3-30m surface layer, but argued that the effect onessary to exclude local contamination at MH in order to ob-
chemical composition and subsequent chemical fluxes wagain samples representative of clean marine conditions. Even
not significant. though some degree of contamination in MH samples cannot

The motivation for this study was to evaluate whether be excluded, several evidences collected during the last four
the many exciting results arising from research at the Maceyears suggest that contaminations are sensibly reduced with
Head Global Atmosphere Watch Station were typical of whatthe adopted sampling strategy and that the collected samples
would be expected to occur over open oceanic waters, opresent a dominant marine character.
whether the characteristics of aerosol measured at Mace Aerosol size distributions at MH were continuously mea-
Head were unique to its coastal environment. To this endsured by a Scanning Mobility Particle Sizer (SMPS). The
a comparison was made among the number size distribuscanning time resolution of the SMPS was set to 120s for
tion and size-segregated chemical composition of coastal anchobility particle diameters from 10 to 500 nm. Aerosol was
open ocean aerosol samples, collected in clean air masses @ollected through the laminar flow community air sampling
a period of high biological activity. The objective of this system, which has a stainless steel tube of 10 cm diameter
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Fig. 1. The Celtic Explorer cruise route(from 11 to 22 Juneb: from 25 June to 5 July); the colour of the route in the two large images
represents the ship fluorometer signal as a proxy of chlorophgtincentration (in the smaller inserted images they refer to the date, see the
appropriate scale). The red arrows indicate the location of the Mace Head Research Station.

and_an inlet 10m _abov,e the 9r°“”d- Onboard the CE, t,hel'able 1. Aerosol sampling schedule at Mace Head (MH) and on-
particle number size distribution was measured by a twing,a,q the Celtic Explorer (CE).

Differential Mobility Particle Sizer (DMPS), installed in a
container mounted on the front deck (samp_ling height was Sample  Start date Stop date Time of
~14ma.s.l.). One of the DMPS operated in the 3-50nm sampling
particles size range, the other in the 15-950 nm size range; (h)

the operating time resolution was of 10 min. During analy-
sis, the data were combined to obtain the total number size
distribution of 3—950 nm patrticles.

MH1 12 Jun 2006 19 Jun 2006 80.3
CEl 12 Jun 2006 15 Jun 2006 64.0
MH2 19 Jun 2006 28 Jun 2006 50.0

At both sites aerosol samples for chemical analyses were CE2 16 Jun 2006 20 Jun 2006 57.2
collected by means of 8-stage Berner impactors equipped MH3 28 Jun 2006 05 Jul 2006 36.0
with tedlar foils, collecting particles in eight size fractions CE3 26 Jun 2006 04 Jul 2006 59.7

between 0.06 and 16 um diameter (cut-offs: 0.06, 0.125,
0.25, 0.50, 1.0, 2.0, 4.0, and 8.0 um at 50% efficiency). To
obtain a more comprehensive chemical characterization of
the organic fraction, aerosol samples were also collected iffilter ratio obtained for the MH samples. Three parallel
parallel by high volume cascade impactors, segregating fingerosol samples were collected during the campaign for
(aerodynamic diameter smaller than 1.5 um) and coarse partiabout 50 h each (see Table 1).

cles (aerodynamic diameter between 1.5 and 10 um diameter) Analyses of aerosol inorganic components and water sol-
on quartz filters. At the coastal site, the impactor samplinguble organic carbon (WSOC) were performed on tedlar foils
was performed on a tower (10 m height), while the high vol- (Matta et al., 2003; Cavalli et al., 2004). The uppermost im-
ume sampling was carried out at ground level (1.5 m); bothpactor stage (8.0—-16.0 um) was not analyzed, because of the
samplers operated in open air. On the ship, both samplergery low collection efficiency of the impactor inlet at wind
were placed in open air on a port side of the ship (which wasspeed of 5ms! and above (Howell et al., 1998). Aliquots
aimed at the angle to the wind) to minimize any contamina-of the high volume samples were analysed for Total Carbon
tion from ship stacks, at approximately 14 ma.s.l. (TC) and WSOC.

High volume samples were collected at MH using a back- The WSOC and TC analyses were performed using a
up filter in series with the fine filter (quartz behind quartz Multi N/C 2100 elemental analyser (Analytik Jena, Ger-
approach), in order to evaluate the contribution of positivemany), equipped with a furnace solids module. For WSOC
sampling artifacts. For the CE samples, the artifact correc-analyses, tedlar foils or aliquots of the quartz fibre filters
tion was performed assuming the same average front/back-upere extracted in a small volume of ultra-pure milli-Q water
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Table 2. Overall mean relative random uncertainties for each 2.1 Back-trajectory analysis
aerosol component; uncertainties are given as percentages.
The 48-h backward trajectories were calculated, using the

sizerange nss-SP  seasalt NH NO; MSA WSOC WIOC National Oceanic and Atmospheric Administration (NOAA)
(Hm) HYSPLIT model (Draxler and Rolph, 2003. HYSPLIT

0.06-0.125 7 70 25 - 6 28 (HYbrid Single-Particle Lagrangian Integrated Trajectory)

061;;’:8_'52,5 g 13%6 g _ g 113 Model access via NOAA ARL READY Website (sdwtp:
0.5-1.0 6 9 6 50 6 13 Ilwww.arl.noaa.gov/ready/hysplitd.html NOAA Air Re-
Soao o 0 noos e sources Laboratory, Silver Spring, MD), every 12 h for all the
4.0-8.0 6 6 8 10 6 22 campaign. Back-trajectories with endpoints at MH and CE
<15 19 typically originated in the same area of the Atlantic Ocean,
1.5-10 7 with 73% of the pairs of trajectories appearing as stream-

lines of the same regional flow intercepting both MH and the
CE. Usually, the two sampling sites were characterised by
by 30 min sonication. Extracts obtained from high volume parallel streamlines spaced by 50—100 km. Most of the back-
samples were filtered by PTFE filters (Sartorius, Germany)trajectories highlighted the main atmospheric circulation pat-
in order to remove quartz fragments. Extracts were analterns encountered during the campaign, which can be clas-
ysed using the same instrumental setup described in Rinaldijfied into: (a) North Atlantic cyclonic air masses together
et al. (2007). For TC analyses, a small portion of exposedyith Greenland and Arctic air masses and (b) mid Atlantic air
quartz filters (1.3 crf) was introduced into the instrument masses (coming from the West and South-West). The back-
furnace for thermal analysis. Inside the combustion chambetrajectory analysis confirms that the aerosol samples col-
the sample was exposed to a constant temperature 6f®50 |ected at the two sites are representative of the same sources,
in a pure oxygen atmosphere, in the presence of a catalygirocesses and sinks, with the exception that aerosols col-
(CeQ®,). Under such conditions all carbonaceous matter (or-ected at Mace Head have been transported over the coastal
ganic carbon, carbonate and elemental carbon) evolves tgone before sampling. Examples of back-trajectories, to-
CO,. The TC was determined as the total evolved>@9  gether with the average chlorophylleoncentration over the
a non-dispersive infrared (NDIR) detector. The instrumentalNorth Atlantic during the campaign period, are reported in
detection limit was 0.2 ug of carbon and the accuracy of therig. 2.
TC measurement was better than 5% for 1 pug of carbon. The
water insoluble organic carbon (WIOC) was calculated as the
difference between TC and WSOC.

Proton Nuclear Magnetic ResonancéH(NMR) spec-
troscopy was employed for functional group analysis of . o
WSOC extracted from high volume samples as described irs-1  Aerosol number size distribution
Cavalli et al. (2004). The WSOC was converted to water-
soluble organic mass (WSOM) using a factor of 1.8, based orf-or the size distribution comparison, the campaign period
the functional group composition of WSOC (see Sect. 3.3).has been divided into four sub-periods characterised by ho-
A conversion factor of 1.4 was instead applied to convertmogeneous air mass origin and good trajectory agreement
WIOC to water-insoluble organic mass (WIOM), according between MH and the CE, based on the back-trajectory analy-
to the functional group composition observed by H NMR in sis (see Sect. 2.1). Only data collected within the clean sector
sea spray organic aerosols (Facchini et al., 2008a). Sea sd#ee Sect. 2), both at MH and onboard the CE, were used. All
and nss_SQz aerosol concentrations were calculated usingthe periods during which measurements were not available at
Na' as sea salt tracer and a standard sea salt compositideoth sites were excluded from the analysis.

(Seinfeld and Pandis, 1998). Figure 3 shows the average number size distributions mea-

The random uncertainty for each aerosol component andured at MH and onboard the CE during the four sub-periods;
each size range was computed using the procedure of errat1l standard deviation bars have been plotted to show the
propagation described by Putaud et al. (2000), including: (1)variability of the average value. The number size distribu-
uncertainty in the sampled air volum&3% for Berner im-  tions reported in Fig. 3 present the typical features of re-
pactors andt10% for high volume samplers; (2) precision mote marine aerosol populations, with two modes in the
of the extraction water volume;0.04 mL; (3) uncertainties 0.02-1 um size range: the Aitken mode and the accumulation
in ion chromatography, WSOC and TC measuremeb$8p; mode (Heintzenberg et al., 2000). Particle number concen-
and (4) the blank variability. For correlated parameters, ab4rations and mean modal diameters are consistent with the
solute uncertainties were added conservatively. The meanresults obtained by other investigators (Jensen et al., 1996),
relative random uncertainties for all aerosol component con-and agree with previous measurements performed at MH in
centrations are reported in Table 2. the same period of the year (Yoon et al., 2007).

3 Results and discussion

Atmos. Chem. Phys., 9, 9638646 2009 www.atmos-chem-phys.net/9/9635/2009/
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Fig. 2. Examples of back-trajectories for the periqd3 12—14 June(b) 15-17 June(c) 29 June-1 July(d) 2—4 July, ande) average

chlorophyll« concentration over the North Atlantic during the campaign. Trajectories were produced with HYSPLIT from the NOAA ARL
website bttp://www.arl.noaa.gov/readythe stars indicate Mace Head and the Celtic Explorer position. The chlorophyll map was obtained
by level 3 products taken from MODI®itp://oceancolor.gsfc.nasa.gpv/

www.atmos-chem-phys.net/9/9635/2009/

Atmos. Chem. Phys., 9, 96862009


http://www.arl.noaa.gov/ready/
http://oceancolor.gsfc.nasa.gov/

9640 M. Rinaldi et al.: Coastal aerosol studies to open ocean studies

a) Period 1 (12-14/06) b) Period 2 (15-17/06)
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Fig. 3. Average aerosol number size distributions measured at Mace Head (MH) and over the open ocefa) (QE)4 June(b) 15—
17 June(c) 29 June-1 July an@) 2—4 July. Bars represestl standard deviation.

A general agreement can be observed between numberccounting for 60% of MH accumulation mode particle con-
size distributions measured at MH and over the open ocearcentration. During periods 1, 3, and 4 the difference with
The main difference between the spectra is in the nucleatiomespect to MH was 40, 7, and 34%, respectively.
mode (y<20nm), which clearly exhibits higher concen-  Even though the experiment was not conducted in
trations at Mace Head compared to offshore concentrationszonnected-flow conditions, that is MH was not always di-
pointing to a stronger coastal source of new particles that igectly downwind to the CE, it is reasonable to assume that
not representative of the open ocean. In spite of the very higltoastal particles represent, on average, a more processed
contribution in terms of particle number, freshly nucleated aerosol population than open ocean particles in westerly
particles cannot affect the aerosol chemical composition inwind conditions. Therefore, the systematically higher accu-
the investigated size ranges because of their negligible comrmulation mode coastal concentration can be, at least partly,
tribution to the total mass. Moreover, a full discussion of nu- attributed to aerosol processing. According to our calcu-
cleation events at the coastal site and over the open ocean lations, based on the approach of O’'Dowd et al. (2000),
beyond the scope of the present work. Therefore, differences-cloud heterogeneous oxidation was the only mechanism
in the nucleation mode particle number will be not discussedcapable of producing the observed growth, from Aitken to
in detail below. accumulation mode, in the short time scale characterizing

To perform a quantitative comparison, coastal and operthe advection of aerosol from 300 km offshore to the coast
ocean number size distributions are discussed in terms of paf~10 h). Particularly, cloud processing can be invoked in
ticle number in the Aitken (26D, <80 nm) and accumula-  sub-periods 2 and 3, when the Aitken mode particle num-
tion mode (86<Dp <300nm). Figure 4 shows the average ber was higher over the open ocean than at MH, while the
particle number measured at MH and onboard the CE duraccumulation mode particle number was higher at MH, sug-
ing the four sub-periods. The Aitken mode exhibited a largegesting a shift in particle size during the advection from the
degree of similarity with no systematic differences betweenopen ocean to the coast. Even though some costal influence
MH and the CE; the average difference, expressed with recan have contributed to the systematically higher accumu-
spect to MH number concentration, ranged from —37% tolation mode particle number at the coastal site, the magni-
+12%. Accumulation mode showed averagely a 35% highetude of the difference is not large enough (averagely 35%)
particle number concentration at Mace Head. The maximunto demonstrate a substantial bias of aerosol size distributions
difference was observed during period 2, when a differencemeasured at Mace Head due to coastal processes.
of 72 particles per cc was observed between MH and the CE,

Atmos. Chem. Phys., 9, 9638646 2009 www.atmos-chem-phys.net/9/9635/2009/
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a) Period 1 (12-14/06) b) Period 2 (15-17/06)
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Fig. 4. Average aerosol number concentrations in nucleatign<@ nm), Aitken (26<Dp <80 nm) and accumulation (8@p <300 nm)
mode measured at Mace Head (MH) and over the open ocean (@HR-14 June(b) 15-17 June(c) 29 June—1 July, an@) 2—4 July.
Bars represent1 standard deviation.

Table 3. Average atmospheric concentration (Hg¥and nss-SQz-normaIized concentration of the main aerosol components; standard
deviation of the mean value is reported in brackets. “Fine” refers to particles smaller than 1.5 um for WIOC and smaller than 1 um for other
species. “Coarse” refers to particles between 1.5 and 10 pm for WIOC and between 1 and 8 pum for other species.

Fine Coarse nss-sﬁ-normalized (Fine)
MH CE MH CE MH CE
nss-SQ%  0.39 (0.08) 0.45 (0.16) 0.09 (0.05) 0.06 (0.04) - -
NH, 0.06 (0.01) 0.06 (0.02)  0.001(0.002) 0.003(0.005) 0.15(0.01)  0.17(0.01)
NO5 0.002 (0.003) 0.001 (0.002) 0.18 (0.09) 0.13 (0.09) 0.006 (0.01) 0.003 (0.005)
sea salt 0.07 (0.02) 0.07 (0.04) 4.21 (0.54) 3.00(0.81)  0.16(0.04)  0.16 (0.03)
WSOC 0.13 (0.03) 0.14 (0.05) 0.09 (0.06) 0.07(0.02)  0.34(0.06)  0.32(0.02)
wioC 0.05 (0.01) 0.08 (0.01) 0.07 (0.03) 0.04(0.02)  0.14(0.02)  0.19(0.05)
MSA 0.11 (0.02) 0.17 (0.06) 0.09 (0.03) 0.08(0.03)  0.29(0.07)  0.38(0.04)
3.2 Marine aerosol chemical composition evidence systematic differences in the aerosol chemical com-

position between the two sites.

Given the difficulties in coordinating the automated clean Figure 5 shows a comparison of main aerosol compo-
marine sector sampling at Mace Head with the offshore samnents average size segregated atmospheric concentration at
pling, aerosol samples were not collected at coinciding samMH and over the open ocean, while Table 3 reports the av-
pling intervals at the two sites (see Table 1). Therefore,erage submicron and supermicron concentrations. A gen-
the coastal and open ocean aerosol chemical compositioarally good agreement can be observed between the av-
is discussed only in terms of average concentrations, oberage mass size distributions of the main aerosol compo-
tained by averaging the three time-integrated samples colnents measured over the open ocean and at MH. The non-
lected at each sampling site during the campaign. Usingsea-salt sulphate (nss-gf) (Fig. 5a) mass size distribu-
this approach, concentrations representative of summer cortion exhibits a principal mode in the 0.25-0.5um stage in
ditions over the East North Atlantic Ocean and at Maceboth data sets. In addition, a second minor mode, cor-
Head were obtained for the main aerosol components, able teesponding to the 2.0-4.0 um size range, is present, more

www.atmos-chem-phys.net/9/9635/2009/ Atmos. Chem. Phys., 9, 9635-2009
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Fig. 5. Average mass size distribution of the main aerosol components measured on impactor samples at Mace Head (MH) and onboard the
Celtic Explorer (CE). Bars represetitl standard deviation.

markedly at MH. Submicron concentrations of nssgéo The sea salt mass size distribution was similar at MH and
as 0.39¢0.08) ug nT3 and 0.4540.16) pg nT3 were mea-  over the open ocean, with about 50 times more mass in the
sured at MH and over the open ocean, with the greatesupermicron range than in the submicron one. The aver-
part of the difference in the fine accumulation mode (0.25-age sea salt concentration (Table 3) was 1.4 times higher at
0.5um). A mass size distribution similar to that of nss- MH with respect to the open ocean in the 1.0-8.0 um size
SO;2 was observed for N[ﬁ at both sites, with supermi- range. Observing the plot in Fig. 5d, it is clear that most of
cron concentrations often below or very close to the detectiorihe difference is due to the mass contribution of the largest
limit. The submicron NljL concentration was always be- Size range (4.0-8.0 um). Fine sea salt reveals a different be-
low the remote marine background concentrations reportediaviour, having similar concentrations in CE and MH sam-
by Jickells et al. (2003). Submicron WSOC concentrationsples (difference of 5%, within the random uncertainty range).
were 0.13¢0.03) ugn3 and 0.144:0.05) ugn3 at MH Nitrate (NG;) was detected in all samples in the coarse
and onboard the CE, while supermicron concentrations werénode, with a size distribution resembling that of sea salt.
0.09¢4-0.06) ug N3 and 0.074-0.02) ug n13.
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The WIOC average atmospheric concentrations, measured wioc
on the high volume filters (Fig. 6), present a different size
distribution at MH and on the open ocean: the average fine
WIOC concentration at MH is 0.62 times that measured over
the open ocean, while in the coarse fraction, the average con-
centration at the coastal site is 1.8 times the one onboard the
CE. Over the open ocean, the concentration of WIOC in the
fine mode is 2.4 1.4) times that of the coarse mode, while
in the coastal samples the ratio between the two modes is
0.9(0.3).

The possible effects of coastal processes can be inves- fine coarse
tigated by comparing the difference in concentration of a mMH mCE
given chemical constituent between MH and CE with that
of species whose formation processes are known. I\@%SO Fig. 6. Average aerosol WIOC concentration in finep(21.5 um)
can be used as a reference species because it is producead coarse (p>1.5um) size ranges measured at Mace Head (MH)
in the marine boundary layer by secondary sources sprea@nd onboard the Celtic Explorer (CE). Bars represehstandard
over wide oceanic regions with little impact from coastal deviation.
processes. The ratio in the size-segregated concentrations

of nss—Sq2 in submicron impactor stages between MH and | ) .
the CE ranges between 0.8 and 1.2. Following this ap_5|ze-segregated chemical composition of the aerosol samples
proach, ratios within this range for any aerosol COmponemcollected at MH and onboard the CE averaged over the whole

have been considered as due to differences in air mass chaf@mpaign. The size-resolved mass fractions for water insol-
acteristics or to sampling and analysis uncertainty, whileUP! organics were extrapolated from the high volume data,
ratios exceeding this range must be explained by physica¥Sind the same procedure as Cavalli et al. (2004).
or chemical processes related to the proximity of the surf Figure 7 shows that the “chemical fingerprint’, i.e. the
zone at the coastal sampling site. Only submicron MSASIze segregated fractional contribution of dominant chemi-
(discussed in the next paragraph) and WIOC showed negeFa| species, is practically identical for Mace Head samples
tive anomalies (respectively 0.7 and 0.6) compared to nssand off-shore samples, with all the component contributions
SOZZ- pointing to stronger open ocean sources. By con-agreeing within 5%. These results are the first direct obser-
trast, the coarse aerosol chemical Components showed pogations that the chemical CompOSition of marine aerosol ob-
itive anomalies (Congu/Concg >1.2), suggesting that the served at MH during the summer period is not affected by
shorter lifetime of coarse particles makes them more sub@ny local coastal influence.
jected to coastal effects. The difference in coarse sea salt At both sites, the main components of the fine aerosol
(Conaun/Conc ratio of 1.4), in particular, may be the re- fraction are nss-Sg¥ and WSOM (WSOM = WSOG 1.8).
sult of the higher wind speed measured at MH during theThe former accounts for 446 and 45-1% of the fine aerosol
campaign (average wind speed over the sampling period anass at the coastal site and open ocean, respectively, while
the coastal site was 180.4) times that measured over the the latter contributes 26 and 26:2% at MH and on the CE,
open ocean). In Table 3, we reported the concentrations ofespectively. In contrast with observations during previous
submicron aerosol chemical components normalized by nsscampaigns at MH (Cavalli et al., 2004; O’Dowd et al., 2004),
S0, 2, in order to remove the effect of possible biases in totalwater insoluble organic matter (WIOM =WIO£1.4) ac-
aerosol concentrations caused by non coincidental air floncounts for only 80.1 and 123% of the fine aerosol mass
between the two stations. No net increase of the main subat MH and CE, respectively. As expected, sea salt dominates
micron aerosol species at MH with respect to the CE wagthe chemical composition of the coarse aerosol fraction in
observed: the differences in the nss;3@ormalized con-  both data sets (895% and 9@&2% of the submicron mass at
centrations in submicronic aerosols between CE and the MHMH and onboard CE, respectively).
are +14%, +0.1%, —7%, +32%, and +26% forﬁ\l,H;ea salt, The WSOC and nss—gé concentrations show a sta-
WSOC, WIOC and MSA, respectively. It must be noted tistically significant correlation (R0.01) in both data sets
that the two main differences, observed for WIOC and MSA, (r=0.84 for MH and 0.97 for CE), suggesting a formation
have opposite sign with respect to the expected coastal effechathway for WSOC similar to that of nss-sulphate, i.e. gas-
i.e. the highest concentrations are found in the open ocean. to-particle conversion from biogenic volatile organic precur-
Using a similar approach, we normalized the size-sors. A secondary formation route for WSOC is also sup-
segregated concentrations of the chemical species by theported by the findings of a recent experiment performed at
sum in each size intervals, providing normalized concentra-MH, in which gradient fluxes of sea salt, nss-ﬁOWSOC
tions also for the constituents of the coarse mode, where thand WIOC were calculated (Ceburnis et al., 2008). During
nss-Sq2 concentrations are very low. Figure 7 reports the the said experiment, upward fluxes indicative of emission
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Fig. 7. Average relative chemical composition of coastal (MH) and open ocean (CE) aerosols. The aerosol chemical composition in the size
range 0.06—0.125 um is not shown for MH, since the concentration of organics was below detection limit for all three samples (the detection
limit for organics is about one order of magnitude higher than that of inorganic ions due to different instrumental sensitivity and different
field blank values).

from the sea-surface (primary formation) were found for seawas 0.1740.06) pgnT3 against 0.1H0.02) ug 3 mea-
salt and WIOC, whereas downward fluxes characteristic ofsured at MH.
chemical species forming through secondary processes were We observed a 40% excess of MSA concentrations in the
measured in the cases of nss;3@nd WSOC. 0.25-0.5 um size range measured on board the CE compared
Along with the results of Ceburnis et al. (2008), recent ex-to MH. We hypothesize that the higher concentration of ac-
periments have shown that WIOC and sea salt are the maioumulation mode MSA measured over the open ocean results
sea spray components (Facchini et al., 2008a). The relativerom the transit of air masses over more biologically produc-
contribution of WIOM and sea salt to sea spray was similartive waters, as discussed above, or, alternatively, from the
in the two data sets: only 2% of sea spray mass was organioxidation of MSA to nss—SQ2 during transport to the coast.
in the coarse fraction of both data sets, indicating that theThe latter hypothesis is supported by the higher submicron
wave-breaking zone effect did not influence the relative en—nss-qulMSA mass ratio measured at MH (3:56.76)
richment of organic and inorganic components of sea spraywith respect to the open ocean (2#8832). The presence
Fine sea spray mass was 54240%) and 63%£12%) or-  of more oxidized sulphur species can be interpreted as evi-
ganic at MH and over the ocean, respectively. Such composieence that coastal particles are more processed (aged) than
tions are within the range of variability reported by O’'Dowd those collected over the ocean, as discussed in Sect. 3.1. The
et al. (2008) for submicron sea spray during the period ofdifference in the nss-Sﬁ/MSA ratio is less pronounced in
high biological activity in the North Atlantic. The higher or- the coarse size range, which is consistent with effects of arel-
ganic contribution found in fine open ocean sea spray parti-atively shorter atmospheric lifetime of the supermicron par-
cles can be attributed to the influence of more biologically ac-ticles.
tive open ocean waters. Satellite derived chlorophyll-a maps The functional group composition of WSOM in the sub-
confirm a patchy distribution of chlorophyll over the North micron size fraction was investigated usiHg NMR spec-
East Atlantic, with open ocean spots often more productivetroscopy. Figure 8 shows the functional group distributions

than coastal waters (Yoon et al., 2007). for coastal and open ocean samples together with that of a
polluted aerosol sample collected at Mace Head in HBA con-
3.3 Characterization of the organic fraction ditions. The sample sets collected in clean marine air masses

at MH and on the CE exhibit similar water-soluble organic
Methanesulfonic acid (MSA) was the main organic com- functional group distributions, with large contributions from
pound detected in the impactor and filter samples collectedMSA (from 11 to 34% of total pmolH m3) and amine (H-
during MAP. Figure 5f reports the average MSA size distri- C-N) groups (from 2 to 7% of total pmolH™), in con-
bution for coastal and open ocean samples. The MH averagtast to the sample collected during the outbreak of polluted
mass size distribution exhibits comparable MSA concentra-continental air masses, which is depleted of MSA and, espe-
tions in the fine and coarse mode, with mass peaks in theially, amines. Another difference is that the polluted aerosol
0.5-1.0 and 1.0-2.0 um size ranges. Conversely, the opesample shows a higher aromatic character (5%), consistently
ocean MSA size distribution peaks neatly in the accumula-with what already observed in other polluted European sites,
tion mode (0.25-0.5um). Submicron MSA concentrationin contrast to the samples of clean marine air, in which the
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Fig. 8. Functional group relative composition of WSOC in Mace Héadand Celtic Explorefb) samples. For comparison, the functional

group composition of the sample collected in the period 3—10 May 2006, in continental influence conditions, has beer(ckpdred

aromatic protons; H-C-O, protons bound to oxygenated aliphatic carbon atoms; H-C-N, protons bound to aliphatic carbon atoms bearing
nitrogen atoms; MSA, methansulphonate; H-C-C=, protons bound to aliphatic carbon atoms adjacent to unsaturated groups; H-C, purely
alkylic protons.

particulate aromatic compounds occur only in trace amountscloud processing and to a coastal enhancement in concentra-
The presence of amines, which are organic compounds dfion, although the difference is not large enough to demon-
clear secondary origin (Facchini et al., 2008b), supports ousstrate a substantial bias of aerosol size distributions measured
finding that secondary biogenic sources account for a largat Mace Head due to coastal processes.

fraction of WSOA in the north-east Atlantic and that are  aerosol main chemical components showed similar mass

therefore related to open ocean sources rather than to coasighe distributions at the coastal site and over the open ocean,
emissions. with concentration differences between the two sites com-
Finally, a higher contribution of purely alkylic groups parable with those of submicron non-sea-salt sulphate (for
(C-H) can be observed in CE samples with respect to MHwhich it is reasonable to assume no coastal influences) with
ones. The ratios between oxygenated (H-C-C=O+H-C-O)few exceptions. Moreover, the resulting relative chemi-
and non-oxygenated (C-H) aliphatic functional groups wereca| composition as a function of size of coastal and open
0.91::0.09 and 0.7%0.07 for MH and CE, respectively. ocean samples showed a remarkable similarity, resulting in
Combined with the above results for MSA and inorganic ion the same “chemical fingerprint" for coastal and open ocean
concentrations, the latter finding suggests that aerosol partiaerosols. In addition, the detailed chemical characterization
cles undergo oxidation during the advection to the Irish coastof the marine aerosol water soluble organic fraction showed
similarity of composition for coastal and offshore sampled
organic aerosols, even though a more oxidized character was
4 Conclusions evident in coastal samples.

In conclusion, while differences to varying degrees were

This ;tudy compa_r_es simultaneous _mea_sur_eme_:nts_ of a_eros8laserved between offshore and coastal measurements at
chemical composition and number size distribution in strictly Mace Head, no significant evidence was found for local
controlled clean marine air at Mace Head and at various loca- ’

tions off the Irish coast and examines resulting aerosol bro coastal influences during the campaign period, apart from
lons o ' ot and exami resutting PrOPHcleation mode aerosol, which clearly has a coastal source.
erties in terms of elucidating any possible local coastal influ-

Therefore, marine aerosol properties, particularly the “chem-
ence. . . . ical fingerprint”, measured at a height of 10 m, or higher, un-
In terms of aerosol physical properties, the nucleationger srictly controlled clean marine sector conditions at Mace
mode clearly exhibited elevated concentrations at Mace Heagiead can be considered representative of marine aerosol
compared to offshore concentrations, pointing to & strongsympjed over the East North Atlantic within about 300 km

coastal source of new particles that is not representativg.om the Irish coast, at least in conditions comparable with
of the open ocean. The Aitken and accumulation modesy,jse met during the campaign.

showed, instead, lower differences between the coastal and

the open ocean sampling sites, with the Aitken mode exhibit-

ing a larger degree of similarity with no systematic differ- acknowledgementsThis work was supported by the EU Project
ences between Mace Head and the open ocean. AccumulAP (Marine Aerosol Production) and ACCENT (Atmospheric
tion mode presented systematically higher concentrations atomposition Change the European Network of Excellence).
Mace Head (averagely 35%). The systematically higher ac-

cumulation mode concentration can be attributed equally toEdited by: A. Pszenny
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