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Abstract. Atmospheric aerosols have been sampled andribution of 20 % OM mass coming from non-marine sources
characterised at the Mace Head north-east (NE) Atlantic atwas established by dual carbon isotope analysis. Further,
mospheric research station since 1958, with many interestanalysis of a series of experiments conducted at Mace Head
ing phenomena being discovered. However, with the rangeonclude that negligible coastal, surf zone, or tidal effects are
of new discoveries and scientific advances, there has beendiscernible in the secondary or primary aerosol mass resid-
range of concomitant criticisms challenging the representaing in the submicron size range for sampling heights of 7m
tiveness of aerosol sampled at the station compared to thand above. The Mace Head marine-air criteria ensure anthro-
of aerosol over the pristine open-ocean. Two recurring criti-pogenic and coastal effects are sufficiently minimised so as
cisms relate to the lack of representativeness due to poternto guarantee a predominant, and sometimes overwhelming,
tially enhanced coastal sources, possibly leading to artifi-natural marine aerosol contribution to the total aerosol popu-
cially high values of aerosol concentrations, and to the influ-lation when the criteria are adhered to.

ence of long-range transport of anthropogenic or continental
aerosol and its potential dominance over, or perturbation of,

a natural marine aerosol signal. Here, we review the results

of previous experimental studies on marine aerosols over thd Introduction

NE Atlantic and at Mace Head with the aim of evaluating

their representativeness relative to that of a pristine openthe marine aerosol is perhaps the most important natu-
ocean aerosol, i.e. with negligible anthropogenic/continentaf@l system globally in terms of climate effects. This is so
influence. Particular focus is given to submicron organic mat-because the ocean covers 70% of the earth’s surface and
ter (OM) aerosol. In summary, no correlation was found pe-marine aerosol haze and cloud layers are the most effec-
tween OM and black carbon (BC) in marine air conforming tive reflecting layers, given that they overlay a dark ocean
to clean-air sampling criteria, either at BC levels of 0-15 or Surface (Charlson et al., 1987; Slingo, 1990). There are
15-50 ng nT3, suggesting that OM concentrations, up to ob- tWo generic marine aerosol types (O’'Dowd and de Leeuw,
served peak values of 3.8 ug#) are predominantly natural 2007; de Leeuw et al., 2011): primary and secondary. Pri-
in origin. Sophisticated carbon isotope analysis and aerosghary marine aerosol was initially considered to be predom-
mass spectral finger printing techniques corroborate the connantly sea salt, dynamically produced by wind stress in-
clusion that there is a predominant natural source of om teraction at the ocean surface; however, later it became ev-
with 80 % biogenic source apportionment being observed fordent that primary marine aerosol was better described as
general clean-air conditions, rising4098 % during specific ~ S€a spray — a combination of sea salt and enriched pri-
primary marine organic plumes when peak OM mass concenMary organic matter (POM) resulting from biological pro-

trations >3 ug m* are observed. Similarly, a maximum con- cesses at the ocean surface (O’Dowd et al., 2004; Fac-
chini et al., 2008b). O’'Dowd et al. (2004) identified WIOM
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(water-insoluble organic matter) with characteristics uniquenitrate analytical techniques cannot source apportion these
to surface ocean biological processes, while Facchini ethemical species and, thus, cannot conclusively elucidate
al. (2008a) sampled only POM in the absence of secondaryhether or not they are natural or anthropogenic in origin.
aerosol under controlled bubble-tank laboratory experiments The challenge is to understand as many of the key marine
using sea water sampled amidst a strong NE Atlantic bloomaerosol processes driving formation, transformation, and cli-
One study by Keene et al. (2007), however, found highmate impacts, but how is this to be achieved? Intermittent and
WSOM (water-soluble organic matter ) enrichment producedad hoc cruises are used to access so-called remote and pris-
in a lab by bubble bursting using oligotrophic water and maytine regions; however, their spatial and temporal snapshots
be considered as contrasting, in particular, with the Facchinare limited and only provide glimpses of the complete pic-
et al. (2008b) study. These two studies are not necessariljure, often missing high-wind-speed events or regions of high
comparable: Keene et al. (2007) report high WSOM for low biological productivity. Aircraft missions, while excellent for
biologically active waters while Facchini et al. (2008a) re- providing vertical structure information, have even greater
port high WIOM for highly biologically active waters. The limitations, particularly in the context of long temporal data
WIOM trend is consistent with an enriched POM source sets. Coastal stations provide a solution to the temporal sam-
from biological processes; however, there is some suspipling problem, although these are limited to a fixed spatial
cion concerning the experimental setup used to quantify thdocation but the question arises as to whether or not there are
WSOM enrichment in Keene et al. (2007). For example,local sources contaminating the “open-ocean marine” signal
doubt has been raised regarding the representativeness ahd/or how pristine the apparent open-ocean marine aerosol
real ocean conditions using their sintered glass generator and.
excessively long bubble rise path which is thought to lead The problem is that, wherever sampling of marine aerosol
to artificially high enrichment in comparison to other tech- is conducted, particularly if the focus is on the submicron
niques (Fuentes et al., 2010a; King et al., 2012); this wouldfraction, there exist significant challenges relating to contam-
explain the high enrichment of WSOM, particularly in the ination whether it be anthropogenic or related to coastal topo-
absence of WIOM, in low biologically active water not seen graphical issues. If such contamination exists, do we “throw
in Atlantic waters. The secondary aerosol type (Facchini etthe baby out with the bath water” or is there an acceptable
al., 2008a) comprises a range of species produced in the gdsvel of contamination which will still allow the elucidation
phase or from gas phase processes and can be categorisgad quantification of natural aerosol processes? This is, of
as volatile organic compound (VOC) oxidation products in course, a subjective question; we know that there is long-
the condensed phase (Rinaldi et al., 2011) or non-sea-saftnge pollution transport to Antarctica, as seen in the black
(nss) sulfate produced from the oxidation of dimethyl sulfide carbon records. Does this mean that Antarctica is not a useful
(DMS); a hybrid organo-sulfur species such as methanesullocation to study natural aerosol? Clearly, the answer is no, it
fonic acid (MSA), also a DMS oxidation product, can also be depends on whether or not the natural signal is overwhelmed
presentin significant quantities. Organo-nitrogen, in the formby the contaminated signal. What is an acceptable contami-
of dimethyl amine (DMA) is also present to a lesser degreenation threshold: 1, 5, 10, 25%? If we contrast the NE At-
(Facchini et al., 2008a). More often than not, secondary indantic marine aerosol entering into Europe in the Mace Head
organic aerosol such as nss sulfate dominates over secondarggion, black carbon mass is higher than that in Antarctica,
organic aerosol (SOA) as reported in Dall'Osto et al. (2010);although it is also perhaps one of the most biologically rich
however, this study related to a brief snapshot relatively earlyand stormiest oceans there is. Again, is there a sufficient nat-
in the season (late May—early June) when considering thatiral open-ocean signal to elucidate key processes or should
peak productivity and peak OM enrichment occurs in Au- such experiments be abandoned? This study reviews some of
gust (noting that in Dall’'Osto et al., only concentration and the key experiments conducted at Mace Head and evaluates
not enrichment was reported). how they have been interpreted, or, in some cases, misinter-
In pristine environments (e.g. Antarctica, with negligible preted, with the aim of elucidating the conditions acceptable
anthropogenic/continental influence), it can be quite a chalfor non-contaminated marine aerosol research.
lenge to characterise the marine aerosol since the primary
aerosol depends on dynamics producing the spray, on bio-
logical activity which determines the organic matter enrich-2 The Mace Head facility
ment, and on oxidant availability which can chemically trans-
form/age POM to SOA-like OM (organic matter) in the spray The Mace Head Atmospheric Research Station is located in
itself — all processes which are highly variable in time and Connemara, County Galway, on the Atlantic Ocean coast-
space (Rinaldi et al., 2010; Decesari et al., 2011). Similarly,line of Ireland at 5319 N, 9°53 W and offers a marine
biological activity, sea water temperature, sea-to-air transfersector from 190W through to 2990W (see Fig. 1). Mete-
wave dynamics, cloudiness, photolysis rates, etc., all influ-orological records show that on average, over 60 % of the
ence the concentration of marine SOA. The problem is fur-air masses arrive at the station in the marine sector (Jen-
ther compounded by the fact that basic organic, sulfate, aneings et al., 2003; O’Connor et al., 2008). Air is sampled
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Figure 1. Top: map of Ireland illustrating the location of Mace Head and local area map; bottom: Mace Head shore labs and 22 m tower and
shore topography at Mace Head.

from a 10m high tower and a 22m tower, both situatedcontrolled sampling in real time, sometimes augmented by
~100m from the shoreline and 50 m from high water parallel total particle concentration control, to post analysis
(http://www.macehead.orfg.The shoreline is relatively inho-  of air mass back trajectories, BC (black carbon) mass con-
mogeneous and rocky with a slopeef4°. The 22 m tower  centrations, and/or correlations between the concentration of
is situated between two 8 m high “shore” laboratories (Fig. 1)the species being measured and an anthropogenic tracer such
while the 10 m tower is located adjacent to the north gable ofas BC or CO; these are discussed in the following sections.
the more northerly aerosol laboratory. The southerly shore Some of the first chemical mass measurements under-
laboratory hosts the gas sampling experiments. Also showtiaken at Mace Head were from August 1989 to August 1990
in Fig. 1 is the whitecap and surf zone field under moderatelyby Savoie et al. (2002). The 22 m tower was used for the
windy conditions. Table 1 summarises the various samplingaerosol filter sampling. The aerosol sampler was connected
details of the relevant research papers reporting data at Mad® a clean-sector controller which was designed to capture
Head. clean marine onshore winds; however, nss-sulfate mass con-
centrations of up to 10-20 pgT were reported, along with
nitrate mass concentrations exceeding 10 pi§.nClearly,

3 Interpretation of previous results these concentrations cannot be regarded as representative of
clean marine air advecting in off the Atlantic. Can these re-
3.1 Aerosol characterisation under wind-sector sults be interpreted, as concluded by Savoie et al. (2002),
controlled sampling as the Mace Head marine sector aerosol composition be-

ing significantly impacted by anthropogenic emissions and
In the absence of highly sophisticated and expensive analytas’ on average, 85-90% of the nss sulfate in marine flow
ical techniques capable of directly apportioning a particularg; pmace Head originating from anthropogenic sources? On
aerosol chemical species to a particular source, there are @ce value, this could indeed be the conclusion one arrives

number of real-time and post-analysis procedures used to gt however, closer examination of the experimental and sam-
to distinguish between pristine, or baseline, marine aerosob”ng criteria reveals a different conclusion.

and that which is significantly influenced by anthropogenic
sources. These filtering approaches range from wind-sector
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Table 1. Summary of the sampling details from the relevant research papers reporting data at Mace Head.

Research paper Sampling details Observation period
Savoie et al. (2002) Onshore winds (undefined sector), 221889-1990

tower
McArdle et al. (1998) Non-sectored 1993-1994
O’'Dowd et al. (2004) Sector 190-300 CN<900#cc 1, 2002
Cavalli et al. (2004) EBC<70ngnt3, 3m height Only six samples collected
Geever et al. (2005) 22 m tower May—June 2002
Coe et al. (2006) 7 and 22 m, alternating July—August 2002
Yoon et al. (2007) Sector 190-300 CN<700# ccl, 2002-2004
Facchini et al. (2008a, b) EBC<50ng n3,10m height 2006
Rinaldi et al. (2009, 2011) RV Celtic Explorerl4 m deck 2006 and 2006—2009
Ceburnis et al. (2011) 2006
Ceburnis et al. (2008) 3, 10, 30 m height parallel sampling, 2005

sector 190-300 CN<700#ccl,

EBC <50 ngnTs.
Dall'Osto et al. (2010) 10 m height community sampling duct 2008
Ovadnevaite et al. (20114, b, 2012) (applies to CN above) 2009-2010

While the aforementioned experimental studies were pi-additional criteria were deployed, namely, air mass back tra-
oneering and revealing, the experimental design of thgectories free from land contact for 96 h prior to arrival at
sampling component of the study was not completely fitMace Head and EBC (equivalent BC) concentration mea-
for purpose in that the criterion used to exclude pollutedsured by an Aethalometer (AE-16, Magee Scientific, single
European air masses, which can recirculate into the mawavelength at 880 nm) not exceeding 50 ngfras an upper
rine sector, was insufficient. In contrast, subsequent studlimit. The air mass back trajectories are only used as sup-
ies by O'Dowd et al. (2004), Cavalli et al. (2004), Yoon et porting evidence to show that air of marine origin has spent
al. (2007), and Ceburnis et al. (2011) used a more sophistithe last 48 h in the marine boundary layer, as presented by,
cated set of sampling criteria: from 2001, the Mace Head ace.g., Cavalli et al. (2004) and Ceburnis et al. (2011), facili-
tive sector-controlled sampling system used not only wind di-tating wet deposition of pre-existing aerosol particles (e.g. of
rection but also total particle concentration, or condensatiorNorth American origin) and replenishment with nascent sea-
nuclei (CN), as the primary controllers for sampling onshorespray aerosol particles. The EBC value of 50 ngiris the
clean marine air masses. Total particle concentration wadimit value and should not be confused with the actual values.
measured by a TSI 7610 CN particle countBgd> 14 nm), In practise the actual values in sectored marine air masses
and the counter was set to trigger sampling shutdown if parti-are typically 10-20ngm® (Cooke et al., 1997; Junker et
cle counts exceeded 700 particleschifrom 2006 onwards, al., 2006). The mass attenuation coefficient of Aethalome-
the TSI 7610 model was replaced by the TSI 3010 condenter AE-16 was 16.8mg~L. Junker et al. (2006) indicated
sation particle counter§so > 10 nm), effectively reducing that thermo-optical method suggested a much higher value
the particle number threshold). The sampling shutdown time(35 n? g~1) in clean marine sector samples, which would re-
was set to 30's, followed by a re-start time of 5 min, resultingsult in an even lower threshold BC value of 24 nghand
in the possibility that the sample could be polluted 10 % of the typical clean marine sector values of only 5-10 ngm
the time; however, this possible pollution sampling time cor- which would then be comparable to BC values from the pris-
responds to the an extreme scenario of the sample switchinine environments (Hansen et al., 1988; Hara et al., 2008;
on and off every 5min for the duration of the week’s sam- Sciare et al., 2009; Shank et al., 2012). In summary it sug-
pling, which, of course, does not happen in practice. Condi-gests that EBC values reported for MH (Mace Head) are
tions suitable for sampling are normally sustained for manymost likely systematically biased high. The choice of CN
hours at a time, and even if they could only be sustained foror particle number concentration and BC mass concentra-
an hour at a time, this leads to a 1% contamination timetion thresholds is somewhat arbitrary; however, the choice of
frame. The real-time clean-air control criteria were evalu- 700 CN n1 2 is consistent with studies in the remote South-
ated in a post analysis quality control check during whichern Hemisphere; for example, O’'Dowd et al. (1997) found
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that total CN in pristine air below 33 over the South At- methods discussed below, thereby corroborating the robust-
lantic and Weddell Sea, Antarctica, while generally less thamess of the clean-sector sampling system.
500 cnt 3, often reached 700 ¢ni in clean air outside new As it happened, in 2004, both the Savoie-type and the
particle production events. Further, Dall’'Osto et al. (2010) NUIG (National University of Ireland, Galway)-type marine
found that the marine sector CN frequency distribution wassector controllers were run in parallel and a scatter plot of
bimodal, with a background mode concentration of 400—their relationship is illustrated in Fig. 3 where each point
600cnT 3. For EBC, O’'Dowd et al. (1993) found that NE represents nss-sulfate mass over a week-long sample (noting
Atlantic background marine air masses comprised EBC masthat the actual sampling time depends both on the air mass
concentrations between 10 and 35 ngwhile the low- and on the sampling criteria used). Although the Savoie sys-
est EBC mass concentration in modified marine air was obtem sampled total suspended particulate (TSP) matter and the
served to be 220 ngn3. Cooke et al. (1997) provided statis- NUIG system used a Berner impactor with an upper size cut
tical evidence that marine air masses with CN concentration®f 16um diameter, the systems effectively cover the same size
lower than 700 cm? were associated with EBC concentra- range. The comparison indicates that the Savoie-type sec-
tions lower than 75 ng ré. Based on these studies, it seemed tor controller, more often than not, reports higher nss-sulfate
reasonable to select the stricter threshold of 50 ng.riithe masses compared to the NUIG system, often by a factor of
threshold seems to be justified when the correlation betweef or 3. Also shown in Fig. 3 are two contrasting cases from
CN number and EBC mass concentration is analysed. Théhe 2004 data set, visualised by air mass back trajectories:
minimum averaging time of an aethalometer, and thus resone in which only the Savoie-type controller sampled and,
olution, was 5min and was further averaged for 1 h whichin fact, sampled only recirculating polluted air, as the par-
was significantly less noisy than 5min data: standard deviticle concentration was above the clean-air threshold in the
ations for 1 h and 5min data were 5ng#and 20 ng m?3, NUIG controller for the whole duration of the week; and one
respectively. For a typical OM plume event, shown in Fig. 2, in which both systems successfully sampled clean air coher-
lasting about 1 day, EBC mass concentration ranged from 4ntly throughout the week (i.e. due to the lack of circulating
to 27 ng M3, while CN remained less than 700 chwith air in this case). In summary, Fig. 3 presents compelling evi-
no correlation being evidenkg = 0.05). Extending the av- dence that the new sector system is far superior to the sys-
eraging timescale from 5 to 60 min reduced the standard detem used by Savoie et al. (2002) in ensuring the sampled
viation from 20 to 5ng m?, thus demonstrating that almost air is cleaner than ever before. However, the results of this
all data reported are indeed above the noise level. For an excomparison should be considered together with other lines
tended period from 1 January to 31 May 2009, comprising ofof evidence (carbon isotopes, HR-ToF-AMS (high-resolution
995 h of data that meet the criteria of CN less than 700tm  time-of-flight aerosol mass spectrometry), HNMR (nuclear
wind direction of 190-30Q and non-recirculating marine- magnetic resonance)), all of which are discussed later.
sector air mass back trajectories, no correlation is observed The measurements taken by Savoie et al. (2002) were con-
either (R2 = 0.06). Regarding the extended case, 1.6 % of theducted 25 years ago, and while pioneering, it can only be
data records reside outside the 50 ngfrthreshold; however,  concluded that the experimental design was not completely
the contaminated samples amount to a negligible percentagi@ for purpose. Consequently, the results from that experi-
of data in this category; in any event, they are removed beiment simply cannot be used to refute more recent experi-
cause they exceed the 50 ng#rthreshold. The lack of cor- ments in terms of source apportionment. Apart from the ex-
relation between CN and EBC below the 50 ngtthresh-  perimental design, there are two additional reasons as to why
old suggests a credible set of criteria for marine backgroundyreat caution should be exercised when comparing more re-
air mass sampling. The absence of correlation between CNent studies with the 25-year old Savoie et al. (2002) study.
and EBC may be partially attributed to different sources asFirst, the measurements of nss sulfate by Savoie et al. (2002)
nucleation events contribute to CN but not EBC. However,related to bulk mass measurements where the nss-sulfate
any nucleation events would typically exceed the thresholdmass is derived from Na and sea-salt sulfate concentrations,
of 700 cn1 3 by at least 3 times or more and thus be excludedboth very large numbers, relatively speaking, which result
from the regression. Consequently, some of the clean air carin large errors associated with the derivation of the much
indeed, be excluded, but the conservative approach is usesmaller nss-sulfate mass. This analytical uncertainty is par-
ful in avoiding significant contamination of samples by an- ticularly severe for bulk filter analysis compared to size-
thropogenic air masses (noting that in polluted air masses, aegregated impactor sample analysis. Second, the emissions
correlation between CN and EBC would be expected as thef anthropogenic S@have reduced over the recent 2 decades
peak in both their number (for CN) and mass (for EBC) sizeand the annual average reduction in nss-sulfate mass at Mace
distribution occurs over the same size range (30-70 nm)). IrHead has reduced by 70 % over the last 10 years (O’'Dowd
any event, exclusion of some clean air certainly does nokt al., 2013). While sulfate mass trends are not available at
compromise the integrity of the data and, more importantly, Mace Head for the 1990s, S@ends from the nearby Valen-
the clean-air data are examined by numerous state-of-the-atia GAW (Global Atmospheric Watch) statioht{p://www.
emep.in} reveal an even greater reduction for the previous
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Figure 2. Left: scatter plot of CN vs. EBC for an organic sea-spray event lasting approximately 30 h. Right: scatter plot of CN vs. EBC for
5-month extended (1 January to 31 May 2009) period of combined wind direction (199-8@0CN (< 700 crii3) concentration sector

control.
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Figure 3. Scatter plot (left) of total nss-sulfate mass concentrations during 2004 at Mace Head obtained by using only the offshore wind
sectoring system (according to Savoie et al., 2002) and the clean marine sectoring system used by NUIG (e.g. Cavalli et al., 2004; Yoon et al.,
2007; Ceburnis et al., 2011). Each point corresponds to a 1-week sample; however, the total number of hours of actual sampling time depend:
on the clean-sector sampling criteria. On the right, the 96 h air mass back trajectories at 500 m presented in GoBglepEestnt two
contrasting cases often encountered: (i) 1 week in which the Savoie-type sector controller sampled polluted recirculation air based on wind
direction, while the NUIG system sampled nothing due to the total particle concentration exceeding the nominal threshold concentration of
700 cnt 3 (resulting in the largest difference seen in the scatter plot); and (i) a week-long case in which both systems ran coherently as all
marine sector trajectories were truly marine (resulting in almodt 4greement on the scatter plot).

decade, suggesting that sulfate mass is likely to have reducemharine air masses arriving at Mace Head are 85-90 % influ-
by ~ 80 % over the last 25 years. The significant reductionenced by anthropogenic aerosols.

in anthropogenic sulfur emissions is likely to explain the

better agreement between the NUIG and Savoie-type 2008.2 Organic-mass-black-carbon relationships and

data compared to the 1989-1990 Savoie et al. (2002) data. In ~ ratios

summary, an experimental set-up not completely appropriate ) ] ) )

for the task, high uncertainties associated with the analyti!n our discussion, we focus mainly on the magnitudes of
cal techniques, and the estimatedB0 % reduction in an- oM apd the OM/EBC ratio to determine the origin Qf the
thropogenic sulfate mass since the Savoie et al. (2002) studyM since nss sulfate can have both a natural marine and

means that it is simply not justified to claim, these days, tha@nthropogenic origin; these results are compared to those
of Shank et al. (2012). It should be noted, however, that
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Figure 4. Top left: PM; OM vs. EBC for off-line sampling (per pointy 70 h of accumulated marine sector sampling over 1-week period per
point) from Yoon et al. (2007). Bottom left: Yoon et al. (2007) OM/EBC ratios vs. EBC. Top middle: OM vs. EBC for 3 years of online AMS
1 h marine sector Mace Head data, 2009—2011. Data segregated between EBC concentrations of Oimdgﬂm—BO ng m3. Bottom
middle: 3 years OM/EBC ratios for EBC < 15ngh Top right: OM vs. EBC from AMS 1 h average data during primary marine organic
plumes (Ovadnevaite et al., 2011b). Bottom right: OM/EBC ratios vs. EBC during primary marine organic plumes.

Shank et al. (2012) present their AMS measurements of OMpogenic. Further, they also note that it may not be appropri-
as being effectively the total OM aerosol mass, based on amte to fix a threshold OM mass concentration below which
incorrect interpretation of O'Dowd et al. (2004) in that Shank the OM can be considered as non-perturbed marine air and
et al. (2012) cite this study as having demonstrated that morguggest that a large fraction of OM mass observed at Mace
than 90 % of the mass is within submicron sizes (i.e. the sizeHead is therefore anthropogenic. There is no justification to
range covered by their AMS). The correct interpretation of conclude that, because high OM is observed over a differ-
O’Dowd et al. (2004) is that, while the percentage mass con-ent ocean, the OM is non-marine. Figure 4 shows the scatter
tribution of OM is up to 5% in supermicron sizes, approxi- plots of OM vs. EBC for BC mass concentration less that
mately 50 % of the total OM resides in the supermicron sizes15ng nt2 for NE Atlantic aerosol sampled at Mace Head.
Consequently, the Shank et al. (2012) OM data refer mostlywhat is observed is, more or less, no correlation between
to only the submicron component. the two variables, even for extraordinary high OM concen-
During the Shank et al. (2012) TAO (Tropical Atmosphere trations of >3 ug m3, suggesting that the OM reported as
Ocean) cruise (Pacific Ocean 125-1¥% and 8 N-8 S), marine OM at Mace Head is indeed dominated by clean ma-
an OM mass concentration ranging from 0.07t0 0.17 g§ m rine OM aerosol.
was found for screened clean marine air, and a VOCALS Shank et al. (2012) also analysed the OM/BC ratio; they
(VAMOS Ocean—Cloud-Land Study, in the south-east Pafound a ratio of 10 in the remote Pacific and argued that even
cific region of 15-30S) average of 0.07 ug™ was en- this approach was not robust, given the large range of ra-
countered over Pacific waters. Clean-air conditions were detios encountered both in remote and clean marine environ-
fined as BC <4.5ngm? and CO<61ppb. This is com- ments as well as in polluted air. We expand the collection
pared (Fig. 4) to Mace Head off-line Berner-derived OM of OM/EBC ratios (Table 2) to include additional south-
mass, ranging from 0.16 to 0.54 pgfand 0.05-3 pg m? ern hemisphere oceanic ratios along with our average Mace
for 3 years of Mace Head on-line AMS data, increasing Head ratios. We find an OM/EBC ratio of 60 for Amster-
to >3 pg 12 in specific primary organic sea-spray plumes. dam Island, 28 for Mace Head non-organic-plume events,
Shank et al. (2012) concluded that OM was correlated to BCand 182 for primary organic sea-spray plumes detected at
down to concentrations as low as 2 ng$rand that most of  Mace Head. In fact, for hour-average data, ratios approaching
the average OM observed in their Pacific studies was anthro1000 are seen. Such high OM/EBC ratios over EBC mass
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concentrations from 0 to 15ngTh provide compelling ar- biogenic 36N anthrop.
guments supporting the case that OM observed under thioo%

N o . ARGFIFA A Ay
clean-air criteria at Mace Head is indeed dominated by natu- #lolulolAl? : : el
. 80% fJAMHMHI|AH A 1A L4
ral marine OM. AHERHE 144
In summary, it appears that the OM/EBC ratio is a rather 60% AHHE : '5
ambiguous parameter to infer the origin of OM, especially 40 THEE ;
when multiple air masses are mixed in the same sample, witl y WEEE ;
the possible exception of when the ratio is extremely low “~ AFE{EIE 3%
(e.g. 2-5). 0% ~CHoiELE v
o O © - ™M o

. . sampl
3.3 Chemical source apportionment amele

Figure 5. Nss-sulfate contributions from biogenic and anthro-
The first attempt to source apportion the secondary aerosglogenic sources during a west—east NE Atlantic transectat36
measured at Mace Head centred on sulfur isotope analysis May—15 June 2005. Sample 04 starts at 68Wand sample 36
conducted from 1993 to 1994 by McArdle et al. (1998). The ends at 8.3W. Source apportionment is achieved by sulfur isotope
study revealed a maximum biogenic sulfur contribution to analysis. Figure adapted from Lin et al. (2012); copyright Else-
total sulfur mass of 30 % in spring and summer and signifi-Vier (2012).
cantly less throughout the remainder of the year. In this study,
samples were taken in all wind sectors. Results from this
experiment could not elucidate the anthropogenic contami- Ceburnis et al. (2011) also used isotope analysis to source
nation contributing to the baseline marine signal since theapportion aerosol at Mace Head; however, their focus was
analysis included all marine and continental air masses. Aon carbonaceous aerosols, ustdg and'“C isotopes simul-
more recent attempt to source apportion sulfate aerosol overmneously to quantify anthropogenic, marine biogenic, and
the Atlantic was undertaken by Lin et al. (2012), when they terrestrial non-fossil carbon sources in submicron particles
conducted east—west and north—south transects of the Atver the NE Atlantic. The contribution of marine biogenic
lantic. Of particular relevance to the discussion in this studycarbon in marine air masses sampled by a sector-controlled
is the east—west transect along 8§ departing from midway  system was, on average,80 %, declining to 32% in non-
along the USA east coast and arriving in Europe in the souttmarine air (see Fig. 6). In the marine samples, the remain-
of Portugal. The isotopic source apportionment of nss sulfateng sources were 14 % fossil fuel and 7 % non-fossil fuel.
demonstrates that, close to the US east coast (e.g. sampleThe uncertainty in a single isotope method, e.g. apportion-
in Fig. 5, corresponding te-68.9 E, 36.22 N), nss sulfate  ing sources using onl?C, can be dramatically reduced us-
is 70-80 % anthropogenic in origin, while as measurementsng two isotopes simultaneously and an error minimisation
extended out into the mid-NE Atlantic (sample 19 in Fig. 5, approach as detailed by Ceburnis et al. (2011), thereby con-
corresponding te-46.27 E, 36.26 N), the natural contribu-  straining not only the fractional contribution of sources, but
tion of sulfate peaked at > 90 %, although, more generally inalso the corresponding isotope values of the sources them-
this region, it was nearer to 75 %. For one third of the tran-selves. The error minimisation approach leaves little degrees
sect, the natural component was of the order of 70 %, reducef freedom for the source isotope values and the fractional
ing to 30—40 % as measurements were taken close to Europeontribution of sources, resulting in the final uncertainty in
It should be noted that 38N is considerably south of the the source isotope values of ontyl %0 and the uncertainty
Mace Head latitude and is prone to both continental outflowin the fractional contribution o5 % (Ceburnis et al., 2011).
from the US (over the north-west Atlantic) and Europe (over An entrained FT (free troposphere) aerosol with a significant
the NE Atlantic), much more so than the Mace Head latitude,amount of non-marine OM (continental non-fossil or fossil
due to contrasting meteorological patterns. For example, théuel origin) would have inevitably been identified. The dual
most common clean marine air mass back trajectory arrivingsotope approach reveals that only up to a maximum of 20 %
at Mace Head is that of a polar maritime air mass which en-of such non-marine OM contributes to the total OM mass
ters into the Atlantic from Greenland and the sparsely popu-observed at Mace Head. Ceburnis et al. (2011) reported dual
lated north of Canada, while along the°36line, air masses carbon isotope analysis of the total carbon, and, therefore,
enter the North Atlantic more from the polluted east coast ofBC mass, however small, was part of the 21 % of hon-marine
the US. Similarly, European continental outflow of pollution carbon (OG+ BC). The variability of BC, or more precisely
is more prevalent around southern Portugal, due to persisEBC, has been studied at high resolution with typical concen-
tent high-pressure systems, compared to Mace Head whictrations of 1020 ng e in sectored marine air masses occa-
is more subject to eastwardly tracking cyclones. It was forsionally reaching, but never exceeding, 50 ngPmit must
precisely this reason of regular continental outflow that thebe stressed that EBC can significantly overestimate BC con-
ACE-2 (Aerosol Characterization Experiment) Lagrangiancentration by up to 50% or more due to the reasons dis-
experiments started in this region (Johnson et al., 2000).  cussed above. There was, indeed, an OM component that
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Table 2. OM/EBC ratios for selected background marine locations and polluted regions. IMPROVE: Interagency Monitoring of Protected
Visual Environments; OOMPH: Organics Over the ocean Modifying Particles in both Hemispheres; MBL: marine boundary layer.

Location OM/EBC References

Amsterdam Island (South Indian Oce%ﬁ) 60 Sciare et al. (2009)
Point Reyes (North Pacific Ocedrf) 15 Sourced from IMPROVE
Mace Head (North Atlanti®?® 28  This study

Mace Head (North Atlantic), OM plumés 182 Ovadnevaite et al. (2011b)
OOMPH (South Atlantic) 3.2 Sourced from OOMPH
McMurdo (Antarcticad-3 2.5 Mazzera etal. (2001)
South-east Pacific, clean MBi: 10 Shanketal. (2012)
North-east coast of the US, south-westerly flow 20 Bates et al. (2005)
North-east coast of the US, north-westerly fiblv 34 Bates et al. (2005)
Canadian forest fires: fresh/aded 85/25 Singh et al. (2010)
South-west Indi 1 Quinn and Bates (2005)
North-east Asia 8 Quinn and Bates (2005)
Southern Africd 8 Haywood et al. (2003)
Biomass burning 2-17 Reid et al. (2005)
North Americ& 234 2.63-2.91 Novakov et al. (2005)
Europé-2.3.4 3.18-3.37 Novakov et al. (2005)
Ching2 3.29 Novakov et al. (2005)
Indig®23.4 2.81 Novakov et al. (2005)
Japaft234 1.81 Novakov et al. (2005)

20M/BC calculated from OC/BC with OM/O& 1.4. (OC =organic carbon.)
b data restricted to EBC <15 ngmi.

€ data restricted to BC <4.5ngT.

d oM/EC.

1PMy; 2 PMy5; 3 PMyg; # TSP

accompanied BC concentration, but there were only three @0
samples for which the anthropogenic fraction of OM was
unambiguously determined by isotope analysis. Ceburnis el
al. (2011) reported (Table 2 of Ceburnis et al., 2011) that
anthropogenic OM varied in the range of 13-24% or 24—
79ngnT2 in clean marine air masses, and the variability
could not be linked to specific air masses (Fig. 1 of Ceburnis
etal., 2011).

Decesari et al. (2011) investigated the origin of the water-
soluble organic carbon (WSOC) in marine aerosol samples
collected at Mace Head, using the sector-controlled system®
described above, through proton nuclear magnetic resonanc
spectroscopy(H NMR). In order to disentangle the differ-
ent components in the unresolved mixture that constitutes
marine aerosol WSOC, they employed different factor anal-
ysis methods to extract spectral features on the basis of theii
variability between samples and interpreted them based ogigure 6. (a) Source contribution to organic matter in marine and
the correlation with known spectral profiles. In a five-factor polluted air samples in terms of fossil fuel carbon (black), non-
solution, the statistical analysis identified one factor the specfossil fuel continental carbon (dark green), and marine biogenic car-
tral profile of which showed the most prominent aromatic bon (blue) sourcegh) same aga) except for average source con-
groups and exhibited the strongest correlation with typicauributions over all samples for marine and continental air masses.
spectra of WSOC in polluted environments. The contribu-Sourced from Ceburnis et al. (2011); copyright EGU (2011).
tion of this factor was clearly highest for the samples col-
lected outside the marine sector; it was added to the data set
for comparison purposes (Fig. 7) and was attributed to an-

o
3
1

Fraction source contribution

0.0 —

12-26/04/06 12-15/06/06 21-28/09/06 11-18/10/06
Clean marine

Fossil 14%

05-12/07/06

03-10/05/06
Continental polluted
Marine 32%

Continental Fossil 37%
non-fossil
7%

Marine 79% Continental non-fossil 31%
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Figure 7. Contribution of the factors (UM rT13) identified in ma-
rine aerosol WSOC by Decesari et al. (2011). Factor 4 is associatec4s
with anthropogenic sources. The black arrows indicate samples col-
lected outside the sector-controlled system, added to the data set fo
comparison purposes. Each bar represents one sample from Mac,, -
Head (MH) or theCeltic Explorer MH5-12_0302 means Mace Chlorophyll Concentration (mg/m)

e ——

21- 29 August, 2009
Head sample from 5 to 12 March 2002. J 0 03 4 3 1 3 10 3060
—

Wind speed 15 m/s

thropogenic sources. On the other hand, all the other factorkigure 8. 96h, 500 m height air mass back trajectories arriving at
presented spectral features consistent with a marine biogenféace Head during the organic plume event ending at 00.00, 06:00:,
origin. The contribution of anthropogenic sources, as identj-12:00 and 18:00 UTC on the 16 August 2009. Aqua/MODIS chioro-
fied by factor analysis, in the data set investigated by Decephylla concentration is given as an average for 21-29 August 2009

. . . . and corresponds to the closest coincident retrievable fields due to
0 0
sari et al. (2011) is 1.7 %413 %), in good agreement with cloud contamination. The wind fields are represented as wind vec-
the results of Ceburnis et al. (2011).

. . . tors (black arrows). Copyright American Geophysical Union, 2011;
The aforementioned studies use low-temporal-resolutioneprinted from Ovadnevaite et al. (2011a).

sampling and subsequent off-line analysis. One drawback of

such an approach is that maximum concentrations of partic- .

ular aerosol species are smoothed out into long time-averags E 1 1
values. With the advent of on-line aerosol mass spectrome$ °
try, real-time source apportionment of organic aerosol wasz *
made possible. Indeed, deployment of such measuremelz 2
techniques by Ovadnevaite et al. (2011a, b) not only iden-# o
tified marine organic aerosol plumes with mass concentra '* 2 3¢ %
tions reaching 3.8 ugn?, but also revealed a unique ma-

rine organic aerosol hydrocarbon fingerprint in contrast toFigure 9. HR-ToF-AMS mass spectra (major organic family CH
anthropogenic hydrocarbons. It should be noted that the ma@nd CHO, only) of marine organic plume detected on the 15-16
fine organic aerosol hydrocarbon pattern is dominated by*Ugust 2009 at Mace head, Ireland. Copyright American Geophys-
CuHa,_3 (m/z 39, 53, 67, 81, etc.A = —2) and missing ical Union (2011); reprinted from Ovadnevaite et al. (2011a).

the class GHo, 11 (m/z 43, 57, 71, etc.A = 2), which is

indicative of refined hydrocarbons and predominant in theganed OM/EBC ratio of 182. combined with the clearly ma-

anthropogenic hydrocarbon mass spectrum. For the plum@ne 4ir mass back trajectories, suggest that these organics are
analysed, Fig. 8 illustrates that the air mass back traJeCtor'eéxtremer unlikely to be anthropogenic in origin.

advected over chlorophyl rich and stormy waters upwind,
while Fig. 9 illustrates the unique mass spectral fingerprint3.4 Coastal sources and artefacts
associated with marine POM.

Further, this unique marine hydrocarbon species wasApart from anthropogenic contamination, coastal contami-
highly correlated g2 > 0.98) with an oxygenated hydrocar- nation is the other main potential threat to the marine rep-
bon and suggested that approximately 98 % of the organicesentativeness of marine-sector aerosol sampled at Mace
aerosol was associated with organic sea spray, either partlidead, leading to artefacts, either in the form of enhanced surf
oxidised or not oxidised at all. Such organic aerosol massone production of sea spray and/or enhanced biological ac-
concentrations are not often encountered in marine air, andvity relative to open waters. In this section, we review the
the concentrations rival those encountered in many urbarevidence for minimal coastal surf zone artefacts along with
regions; however, the mass spectral fingerprint and the obminimal coastal organic aerosol production.

ive
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Figure 10. (a)Percentage frequency occurrence distribution for the year 2006 winter and summer seasons. Data reflect hourly averages over
3 months for each seasdf) Percentage frequency occurrence distribution forGkéic ExplorerMAP cruise storm offshore from Mace
Head (dates: 20—22 June, 2006; latitude: 55-58;3ongitude: 9.5-11 W) compared to wind speed measured at Mace Head.

One of the first studies aimed at elucidating the contribu-20 ms'! frequency peak, extending to greater than 30h's
tion of surf-induced spray plumes, as opposed to breakingluring one particular 2-day summer storm. The simultane-
wave-induced spray plumes, was that of Kunz et al. (2002)pous wind speeds measured at Mace Head exhibit a narrow
who deployed a horizontally and vertically scanning lidar at frequency distribution peak at 14—15 mis The point of this
Mace Head to examine the production and dispersion of seacomparison is that there can be, at times, significantly higher
spray plumes, demonstrating the formation and dispersion ofvinds offshore which potentially could produce sufficient
surf-induced plumes from upwind rocks and islands, evolv-sea spray to dominate over that produced locally at Mace
ing to hundreds of metres in the vertical while transported aHead, but, in general, wind speed measurements made at
few kilometres horizontally from the source. Mace Head agree well with the open-ocean wind speed in

While the occurrence of surf-induced sea-spray plumedront of the station, as demonstrated by Gantt et al. (2011).
was clearly highlighted, the more complete and correct in-Taking into account the wind speed frequency distribution
terpretation of the Kunz et al. (2002) study is that, at wind in conjunction with the analysis in Kunz et al. (2002), one
speeds below white-capping onset, surf-spray plumes frontan only conclude minimal influence from offshore break-
the upwind island are visible, given the absence of wind-ing surf. Indeed, Kunz et al. (2002) themselves conclude that
wave breaking surf production, and that these plumes aréthe influence of the background renders it difficult to quan-
readily mixed and dispersed vertically. Further, as the windtify the effect of locally generated plumes on the concentra-
speed approaches moderate levels of 8 the surf plumes  tions at Mace Head in relation to wind direction and wind
produced upwind from Mace Head are increasingly indistin-speed. In particular because during transport from the islands
guishable from the breaking wind-wave spray plumes. Givento the Mace Head station, vertical dispersion causes dilution
that wind speeds are almost exclusively above the generallpf the primary aerosol, which brings the concentrations close
accepted whitecap threshold ef4ms™! (Monahan, 1971; to background levels. Hence the influence on the concentra-
Callaghan et al., 2008), this would suggest minimal impacttions measured at Mace Head is relatively small, if any. An
of upwind surf plumes on aerosol measured at Mace Headattempt to quantify this effect from direct measurements of
Figure 10 illustrates the wind speed frequency distribution ataerosol concentrations at Mace Head, based on differences
Mace Head during the winter (3 months: December, Januaryin concentrations between selected wind directions, showed
February) and summer (3 months: June, July, August) perino clear correlation. Also there was no obvious concentra-
ods. Also shown is a 3-day period of high wind speed abouttion enhancement when the wind was from the directions of
200 km upwind from Mace Head, measured during the MAPthe islands. At low wind speed, the concentrations of super-
(marine aerosol production) cruise in June 2006, and the simicron aerosol particles at Mace Head exhibited variability
multaneous wind speed at Mace Head. What is evident fronof not more than a factor of 2, and less in elevated wind
the frequency distributions is that in summer, the distributionspeeds, although this cannot be directly linked to the offshore
has two peaks at 5 and 8 m’s with ~ 15% of wind speed  plumes. The concentrations of sub-micron aerosol particles
occurring below the whitecap threshold of 4 nisin winter, are not affected [Kleefeld et al., 2002], in good agreement
while also exhibiting a bimodal structure, the primary peak iswith other studies on surf aerosols [de Leeuw et al., 2000].”
at 9ms! and the secondary peak is at 12m,swith a 4 % Surf zone effects at the Mace Head shore are potentially
occurrence below the whitecap threshold. The upstream datmore of a concern but also depend on sampling height. It
during the MAP cruise illustrate the occurrence of a broadshould be acknowledged that, due to the rugged and modestly
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sloping foreshore at Mace Head, the breaking surf is limitedGeever et al. (2005) calculated the flux footprint from the
to about a 10 m stretch. In this section, we will address theMace Head 22 m tower as starting200 m upwind (to the
following questions: is submicron aerosol influenced by thewest) of the tower, peakinge 800—900 m offshore, and ex-
local surf zone at Mace Head and are organic aerosols domitending up to 7—8 km over the water. In contrast, the concen-
nated by coastal contamination? tration footprint ranges from 10 to 100 times the flux foot-
During the NAMBLEX (North Atlantic Marine Boundary print size, depending on the meteorological conditions.
Layer Experiment) experiment, Norton et al. (2006), using Ceburnis et al. (2008) demonstrated that sea salt always
micrometeorological measurements, demonstrated some irpossessed a negative gradient with height, pointing to a sur-
crease in surface drag between the 10 and 15 m sampling leface source, while nss sulfate and WSOM exhibited a pos-
els and attributed this to the top of the developing shore in-tive gradient with height, pointing to a surface sink within
ternal layer reaching this height; however, it should be noteadhe flux footprint and a source within or above the bound-
that the increase was not very strong and could also be atary layer or a source upwind of the flux footprint. While nss
tributed to increased drag due to the laboratory buildingssulfate is exclusively formed through secondary processes,
which were up to 8 m high and were located at the foot of WSOM can either be secondary or processed primary WIOM
the tower. During the same experiment, Coe et al. (2006¥ormed upwind of the footprint. WIOM, on the other hand
evaluated the gradient in particle number concentration andqFig. 11), exhibited both positive and negative gradients, in-
non-refractory aerosol chemical species concentration (e.gdicating both a surface source and a surface sink. These dual
nss sulfate, OM, ammonium, etc.) using an AMS switching results leads to two important conclusions: the first is that
between two sampling manifolds, sampling from 7 and 22 mWIOM in the clean marine air is indeed associated with POM
heights on the main Mace Head 22 m sampling tower. Whilesea-spray production (rather than long-range transport of pol-
some differences were seen in total number concentratiofution); the second is that WIOM can be produced upwind
and were attributed to shoreline coastal nucleation events, nof the flux footprint and is not a surf zone or coastal arte-
discernable difference was found amongst the non-refractoryact. The Ceburnis et al. (2008) experiment clearly indicates
aerosol chemical species, suggesting no discernable gradihat at least the WIOM component of OM cannot be exclu-
ent in the aerosol species measured over these heights. Thejvely dismissed as a coastal artefact. What about WSOM
also report that even particles in the 1 to 3 um range showednd sea salt? The gradient profiles always demonstrate a sur-
no evidence of the surface layer perturbing the concentratioriace source for sea salt, as is to be expected, and never a
of particles at 7 mabove ground level; this is the size rangenear-coast surface source for WSOM.
which would be almost exclusively dominated by sea salt. The potential for enhanced coastal primary production was
The aforementioned study was expanded upon by Ceburfurther explored in a case study by Rinaldi et al. (2009),
nis et al. (2008) who deployed a Mace Head clean-sector grawhere a connected flow experiment between an upwind ship
dient aerosol chemical flux experiment with the initial aim and shore-based measurements at Mace Head was reported.
of quantifying the source of the WIOM aerosol component, The comparison was limited to three sampling periods from
previously attributed to sea-spray production by O’'Dowd et12 June to 5 July, covering between 36 and 80h within
al. (2004) and studies thereafter. In contrast to the Coe etach of these sampling periods, depending on the sample,
al. (2006) height-switching gradient evaluation, which waswith the Research Vesséleltic Explorer operating 200—
conducted over a 15 m height difference on short timescales350 km upwind of Mace Head. The aim of the comparison
Ceburnis et al. (2008) conducted gradient flux experimentsvas not to determine whether what was measured offshore
over an extended 30 m gradient and over timescales of thevas identical to that measured at Mace Head since such a
order of a week. Such an approach can detect very subtlecenario would represent an unrealistic steady-state scenario
gradients for flux determining purposes, which would not bebetween source, evolution, and sink processes over large ar-
detectable in the gradient-switching approach. At this pointeas when it is clear that there are differences in both me-
it is appropriate to introduce the concepts of the flux foot- teorology and ocean-surface composition over such areas.
print and the concentration. The flux footprint is the upwind Furthermore, it was to evaluate whether there was a con-
area which contributes to the measured turbulent flux signalsistently higher mass contribution from particular aerosol
while the concentration footprint is the upwind area which chemical species which could be attributed to coastal pro-
contributes to the concentration signal. Overall, the gradienduction artefacts at Mace Head. The comparison cases re-
method used at Mace Head revealed that the concentrationealed comparable, if not even higher, offshore concentra-
gradient (not the concentration itself) is composed of emis-tions for nss sulfate, WSOM, WIOM, and MSA. Sea salt,
sions up to 5 km distant from the measurement location. Allin supermicron sizes, exhibited 40 % higher mass at Mace
sources within that distance, starting from the surf zone andHead, with no discernable differences for submicron sea salt.
finishing with distant islands, can contribute to the concentra-The whole motivation of this paper is to demonstrate that
tion gradient, but the exact contribution of individual sources submicron OM, in particular, originates predominantly from
cannot be deduced from the gradient itself. Only additionalnon-surf-zone marine sources. It has previously been shown
estimates or experiments reveal the strength of those sourcethat breaking surf preferentially produces supermicron salt
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35 confirms that, at least, the relative proportions of WIOM as a
function size are not influenced by coastal artefacts.
30 |

2l 3.5 Free-troposphere aerosol
The free troposphere is both a source and a sink of marine
boundary layer aerosol via entrainment and detrainment pro-
Iw:gm:fe”jj:j;:°” cesses and can influence both the microphysics of the size
distributions and the physico-chemical properties of the re-
sulting aerosol. Hoell et al. (2000), examined the dominant
factors driving the evolution of air masses and aerosol popu-
lations as they advected over the Atlantic during the ACE-2
Lagrangian studies and determined, under certain conditions
of rapid changes to the boundary layer height (i.e. timescales
Nermzlised eoncentration of less than 24 h), that boundary layer aerosol could be no-

Figure 11.Concentration gradients of PM1 water-insoluble organic t@bly diluted or enhanced depending on the BL-FT (bound-
matter (WIOM) obtained from 3, 10, and 22 m heights. The positive &y layer—free troposphere) gradients. They also acknowl-
gradient case represents a surface sink, while the negative gradiefdge that the assessment of BL-FT exchange is very com-
with height represents a surface source. plex due to a multi-layer boundary layer structure, as also
described in Kunz et al. (2002). For example, taking a typi-
cal entrainment rate of 0.5 cmsand making the case for
particles (de Leeuw et al., 2000), suggesting that part of thehe whole well-mixed 1000 m BL air being replaced by a
difference in supermicron sea-salt mass is due to surf product000 m FT clean layer (leading to dilution of the BL) or
tion in the coastal zone; however, some of the enhanced mass polluted layer (leading to very notable BL pollution) is
observed can be attributed to the wind speed at Mace Headhot very revealing in terms of source apportionment, due to
which was 1.8 times higher than the offshore wind encoun-complex coupling or decoupling of layers within the BL;
tered by the ship for that particular comparison sample. Theor the same reason, it is unlikely to be accurate in prac-
above studies suggest that there is no discernable enhanciéee. Nevertheless, entrainment is a reality and can impact on
ment in submicron sea salt or primary organic sea spray as BL or marine aerosol production quantification and physico-
result of surf zone breaking waves at sampling heights of 7 nchemical characterisation in a number of ways. If the FT
or higher. is pristine (with negligible anthropogenic/continental influ-
Moreover, a recent study utilised AMS-derived sea-saltence), the impact on BL aerosol will be mostly to dilute ab-
mass concentrations (Ovadnevaite et al., 2012) to develop solute concentrations while maintaining the marine aerosol
submicron sea-salt mass source function for wind speeds uphemical signature. Size distribution changes are more likely
to 26 ms!, at which 10m height sea-salt mass concentra-as the FT aerosol is more prone to possess a higher num-
tions reached a maximum of 2.5 ugf Three well-known  ber of smaller particles, contributing relatively more to par-
source functions — those of Martensson et al. (2003), Fuenteicle number rather than chemical mass. If the FT aerosol
et al. (2010b), and Gong (2003) — were applied to predictcontains polluted layer, such as can be associated with long-
the resulting mass concentrations for the observed boundamange transport of pollution plumes (e.g. anthropogenic or
layer height and 2-day wind speed evolution, all of which biomass burning related), then the marine aerosol chemical
were found to predict significantly, and unrealistically, higher signature will change in conjunction with microphysical or
mass concentrations that resulted in 3—10 times higher corsize distribution changes.
centrations compared to the Mace Head source function. If If dilution by a pristine FT layer dominates BL-FT ex-
Mace Head was subjected to notable coastal submicron sudhange, what does this mean for the integrity of marine
contamination, one might anticipate the actual mass meaaerosol characterisation at Mace Head? Given that the ma-
surements being substantially greater that the predicted vakine aerosol burden represents an instantaneous balance be-
ues; however, it was exactly the opposite. tween sources and sinks, the characterisation of the aerosol
Facchini et al. (2008b) also presented results conclusivelyphysico-chemical properties can be regarded as representa-
confirming that the WIOM component of marine air is as- tive of marine aerosol for that specific production-loss sce-
sociated with primary sea spray. In doing so, they illustratednario. On the other hand, if there is a significant aerosol
that the WIOM/sea-salt ratio fingerprint as a function of size burden in the FT, entrainment of this aerosol will also al-
was almost identical for samples collected in air at Maceter the chemical properties of aerosol measured in the BL.
Head, in air offshore on th€eltic Explorer and in bubble-  Separating out such a non-marine signature, or isolating
bursting laboratory experiments on board @edtic Explorer  the marine component, benefits from sophisticated sampling
(Fig. 12). The similarity in the ratio and the size fingerprint techniques, such as direct flux measurements, sophisticated
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Figure 12.WIOM/sea-salt percentage mass contributions as a function of size for laboratory-based bubble-bursting experimezestion the
Explorer (left), from air samples collected at Mace Head (middle), and from air samples onboard tReRE Explorer(right). Note that

while the OM percentage mass contribution illustrates a dominance of OM in submicron sizes, it should be noted that approximately 50 % of
the total OM mass resides in the supermicron sizes. Copyright American Geophysical Union (2008); reprinted from Facchini et al. (2008b).

off-line analytical methods such as H-NMR and isotope anal-43 (GH3zO1), m/z 55 (GH30™), m/z 44 (Cq), andm/z

ysis, or on-line aerosol mass spectrometry. What did suct99 (GsH;O%), were prominent. Such a distinct mass spec-
approaches yield in terms of selectively characterising matrum shows a different marine organic plume origin than that
rine aerosol abundance and properties at Mace Head aof aged BBOA. Aging of BBOA would change the oxidation
the contribution of non-marine sources to aerosol measuretevel of OM; however, there is no indication that it could pos-
in the region? Direct fluxes revealed that the WIOM was sibly add new fragments or completely lose the BBOA mark-
surfaced-sourced and primary in origin. In addition, the gooders (Jolleys et al., 2012). The use of mass spectral fingerprint
agreement between fluxes derived from gradient methodsnalysis to source apportion the marine aerosol arriving at
and concentration methods suggests that the more exteMace Head suggests that Canadian biomass burning plumes
sive concentration-based fluxes are not influenced by entrainebserved over the east coast of North America by Clarke et
ment. In terms of chemical finger printing or source appor-al. (2007) do not detectably impact on the marine aerosol
tionment, both the HNMR (Decesari et al., 2011) and isotopeproperties reported under our sampling criteria.

analysis (Ceburnis et al., 2011) were capable of identifying

the non-marine aerosol component, while aerosol mass spec- | . .

trometry was able to elucidate distinct marine biogenic OM#4  Discussion and conclusions

mzrker;sazr;\i:c;l tSO Irienrg%gpm:i T:;gisigr?fﬂ;ﬁﬁzs (())f grr]li_Patterns of biological productivity are different from ocean
ry pray Pog (fo ocean; this is especially evident when comparing chloro-

sources (Ovadnevaite et al,, 2011b). Over oceanic regionsh lla concentration fields in the contrasting South Pacific
such as the North Atlantic, boundary layer height is typically phy 9

1500 to 2000 m so the trajectories do not necessarily reflect gnd North Atlantic Oceans, the former being more patchy

significant FT entrainment. However, MODIS fire counts for and homogenously distributed throughout the year, while

the period presented in Ovadnevaite et al. (2011b) |nd|cate(§he latter experiences a high s_easonal variability, but with
X e . concentrations much more uniform over the area. More-
no connection with fires and certainly none over Canada. In .
- . : : ” over, the chlorophylk concentrations over the South Pa-
addition, HTDMA (Humidity Tandem Differential Mobility o . .
: cific are consistently lower (monthly concentrations vary-
Analyser) growth factor measurements revealed organic par: 3 .
. . g . ing by ~0.1mgn° with some peak concentrations of
ticles with much lower hygroscopicity than reported in re- 3 ;
. ) ; - 0.4mgnm = around the equator) than those seen in the
lation to aged forest fire particulate emissions. In terms of . :
T . . North Atlantic (where monthly average concentrations range
distinguishing OM from marine sources from that associated 3 4 . L .
) . . . from ~0.2mgn1° for low biological activity periods to
with biomass burning smoke, for example, the marine O 0.7 mant3 for hiah bioloaical activit eriods). Over
ganic fragmentation pattern was distinctly different from that _ = g g 9 y P '

4 ) . . all, the biomass abundance is far greater in the North At-
of aged biomass burning organic aerosol (BBOA) with a co-,_ ' . : .
S A lantic compared to the equatorial and South Pacific, and the
efficient of determinationg<) between the two mass spectra

equal to 0.22. Moreover, major BBOA markers, 60 021 higher chlorophyll concentrations encountered by Shank et

.. al. (2012) over the Pacific are at the lower end of the val-
andm/z 73 029), fragments characteristic of levoglucosan (a . . oo
: ; . ~~ues reported over the NE Atlantic summarised in this paper.
tracer for cellulose pyrolysis), as well as typical BBOA ion

X N Consequently, it is no surprise that the OM concentrations
series of GHZ.”” (m/z 43’ 57, 71, etc.z's = 2) were all at.) observed by Shank et al. (2012) are at the lower end of the
sent in the primary marine OA (organic aerosol), but differ-

ent fragments such as/z 39 (C3H§_), m/z 53 (QH;), mz concentrations observed at Mace Head.
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What is striking in the difference between the two data sets Consolidating the above statements, one can conclude
is that the relationship between OM and BC for BC mass lesghat, for submicron marine aerosol sampled under the Mace
than 15ngm?3 in Shank et al. (2012) is highly correlated Head clean marine air sampling criteria, there are no discern-
(R? = 0.66), while neither OM vs. BC, or in this case EBC, able coastal artefacts and that the anthropogenic contribution
at concentrations between 0-15ngtand 15-50 ng m3 to OM associated with marine aerosol under these criteria
measured at Mace Head are correlat&®f £ 0.006 and  ranges from 3% to a maximum of 20%. The dependency
R? = 0.046, respectively), despite peak OM mass concen-of the anthropogenic contribution to OM as a function of
trations reaching an order of magnitude higher in the Macemeteorology must be elucidated through further studies on
Head/Atlantic. In addition, the OM/BC ratios are at betweenthe interaction between marine meteorology and marine bi-
3 and 100 times larger over the Atlantic than the Pacific. Theological productivity, ocean-surface water enrichment as a
parameters most comparable in the Shank et al. (2012) Pdunction of wind stress and white capping, temperature influ-
cific studies and those at Mace Head are the OM-BC abences on sea-spray production, air mass origin, precipitation
solute mass concentrations, their intercorrelations, and theiremoval, long-range transport, and changing anthropogenic
relative mass ratios; however, the intercomparison of thesemissions. Such studies should comprise long-term and con-
parameters point to the conclusion that even OM present ainuous measurements of aerosol physicochemical proper-
Mace Head (NE Atlantic) at concentrations more than an or-ties, aerosol production and removal, and measurements of
der of magnitude higher than in the Pacific can be regardedboth meteorological and biological processes influencing the
as almost exclusively naturally biogenic, while the OM at aerosol life cycle given the dependency of the relative contri-
similar low levels of BC over the Pacific can be regarded asbution on so many environmental parameters. Such a long-
predominantly anthropogenic. term and continuous measurement programme requires an

Reviewing the other evidence available to elucidate theobservation platform fit for purpose, and the arguments pre-
pedigree of the maritime nature of marine aerosol sampledgented above, we contend, demonstrate that Mace Head is

under Mace Head clean-air criteria, we can summarise théndeed such a fit-for-purpose platform.
following:

— Over 25 years, anthropogenic sulfate aerosol concentraAcknowledgementsThis work was supported by the EPA Ireland,
tions have reduced to 2025 % of their initial values so HEA, EC (under MAP, EUCAARI, EUSAAR and ACTRIS), SFl,
that the anthropogenic sulfate contamination of the NEand ESA-SSE-OSSA.

Atlantic has greatly reduced to a similar extent. )
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