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Abstract. The chemical composition of 15-85nm diame- cess may therefore influence CCN concentrati¢ghdriala

ter particles was measured at Mace Head, Ireland, duringt al, 2004 Wang and Pennge009 Yu and Luq 2009

May 2011 using the TDCIMS (thermal desorption chemi- Spracklen et al.2006. Water vapor uptake on small, re-
cal ionization mass spectrometer). Measurable levels of chloeently formed particles is limited by the Kelvin effect, so
ride, sodium, and sulfate were present in essentially all colnew particles must grow via uptake of other species before
lected samples of these particles at this coastal Atlantidhey are large enough to act as CCN. In the marine bound-
site. Acetaldehyde and benzoic acid were also frequenthary layer (MBL), where cloud water vapor supersaturations
detected. Concomitant particle hygroscopicity observationsare typically around 0.2 %, even very hygroscopic sea-salt
usually showed a sea-salt mode and a lower hygroscopicitgerosols must be greater than 70 nm in diameter before they
mode with growth factors near to that of ammonium sulfate.are activated into cloud dropletsi¢ppel et al. 1996 Se-
There were many periods lasting from hours to about 2 daysnfeld and Pandis1997. For this reason, in order for ho-
during which the 10-60 nm particle number increased draimogeneously nucleated particles to have a significant im-
matically in polar oceanic air. These periods were correlatedbact on cloud formation, they must grow swiftly enough to
with the presence of benzoic acid in the particles and an in-CCN size before they are lost by coagulation onto exist-
crease in the number of lower hygroscopicity mode particlesing aerosol. Net condensation of low volatility vapors and/or
Very small (< 10 nm) particles were also present, suggestingmultiphase reactive uptake are required to accomplish this
that new particle formation contributed to these nanoparticlegrowth Khvorostyanov and Curty2007 Donahue et al.
enhancement events. 20117).

Sulfuric acid (BSQy) is thought to be critical for particle
nucleation throughout the atmosphere, and it has been shown
i to contribute to nanoparticle growttKigang et al. 2008
1 Introduction Eisele and McMurry 1997 Bzdek et al. 2012. However,
eyond the very initial stages of particle formatiom Sy

Particles in the atmosphere play important roles in the gIObaErobably plays a small role in boundary layer particle growth

climate through direct interaction with radiation and by act- (Kuang et al, 2012 2008 Zhang et al.2012. Observations
mgl as CIOTd c(:jondensatlog nucle_| (CC.:I.\I)' IUfnderstg'ndlmg ?OnTrom a variety of environments suggest that condensation of
trols on clou extent and type Is critical for pre icting fu- organic vapors contributes greatly to particle growth for par-
ture climate Golomon et al._200_7). The formation Of Par " icles of diameters larger than 10 nm Kuang et al, 2012
ticles from gas phase species in the atmosphere is likely Bzdek et al, 2011 Donahue et /2011 Ehn et al, 2014,

significant contributor to aerosol number and atmOSphericMuItifunctionaI acidic organic species are thought to be
optical depth in a variety of environments, and this pro-
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likely contributors to particle growth due to their low vapor biological activity in the seawater. For the smallest sizes mea-
pressuresZhang et al. 2012. Highly oxidized “extremely  sured (30—60 nm), mixed sea salt—organic (SS—OC) particles
low volatility organic compounds” (ELVOCS) appear to play were sometimes observed, but organic carbon (OC) particles
an important role in new particle growth in the boreal forest containing no sea salt were the most abundant. For the range
(Ehn et al, 2014). Recently nucleated particles have been ob-60-100 nm, SS—OC patrticles represented 50 % of the sam-
served in coastal regions that experience large sea—air fluxgde before the addition of phytoplankton and heterotrophic
of readily photolyzable iodine-containing speci€sowd bacteria, after which OC particles clearly dominated.

and Hoffmann2005 Méakeld 2002 Whitehead et a] 2009 Ambient samples of MBL aerosol show that accumula-
McFiggans et a).201Q Whitehead et al2010. tion mode particles contain significant fractions of sulfate

The particle distribution in the MBL is an important cli- and organics Nicinnes et al. 1997 Allan, 2004. Much
mate parameter due in part to the large areal extent of thef the sulfate found in small marine aerosols under clean
global oceans. The MBL is characterized by relatively low conditions likely derives from the atmospheric oxidation of
particle concentrations compared to the terrestrial bounddimethyl sulfide emitted from the ocean. While$, has
ary layer Heintzenberg et 31200Q Spracklen et al.2010. been shown to be a key species in particle nucleation and
Small changes in particle number are therefore more likelygrowth at many (mostly terrestrial) locations, the extent to
to have an effect on ensemble aerosol properties and CCMhich this process occurs over the open ocean remains an
numbers, and newly formed particles have more time to growopen question. Recent laboratory studies suggest that pho-
to CCN size before coagulation than in more polluted re-tosensitized reactions in the sea surface microlayer could
gions. For exampleRierce and Adam§006 showed that lead to the formation of secondary organic aero&edrge
the inclusion of small sea-salt aerosols in a general circuet al, 2014. Observations at Mace Head, Ireland, show ev-
lation model increased the CCN concentrations in some reidence for apparent open ocean particle production charac-
gions as much as 500 %. Also, cloud albedo is in generaterized by enhancements in particle number in the 15-50 nm
significantly higher than ocean albedo, making the relativediameter range as well as slow growth rates on the order of
per-area radiative impacts of cloud formation high. An un- 0.8 nm hr1(Dall'Osto et al, 2011, O’'Dowd et al, 2010). To-
derstanding of how CCN are formed in the MBL is neces- tal number concentrations during these conditions were on
sary for good parameterizations of cloud formation over theaverage about eight times larger than for background condi-
global oceans. tions Dall’Osto et al, 2011).

Submicron MBL particles are typically found in two dom- ~ We present measurements of nanoparticle chemical com-
inant modes of number concentration: an accumulation modgosition and hygroscopicity made in marine air at Mace Head
centered around a 150 nm in diameter, aand an Aitken modduring May 2011. These observations provide insights into
centered around 50nm in diametddefntzenberg et gl.  the formation and growth of small marine particles, with im-
2000. The minimum in number concentration between theseplications for the role of new particle formation in marine
two modes has been attributed to cloud processing of paratmospheric chemistry and climate.
ticles Hoppel et al. 1986 Fitzgerald 1991). Particles of
less than 50 nm diameter either quickly grow, are accommo-
dated onto existing aerosol, or are deposited to the sea sup  Sijte and methods
face, depending on the availability of condensable vapors and
the magnitude of the aerosol condensation sMkNlurry, 2.1 Mace Head
1983. While sea salt is understood to be the primary com-
ponent of supermicron MBL aerosol, the composition andThe Mace Head Atmospheric Research Station is located
origin of smaller MBL particles remains a subject of debate on the west coast of Ireland at &' N, 9°54 W. Measure-
after decades of study. ments of the molecular composition of marine nanoparticles

Sea spray from wave breaking is known to contribute towere made between 14 and 31 May 2011, during the Ma-
MBL particle populations down to at least 10nm, and pre-rine Aerosol-Cloud Interactions (MaCloud Inc.) campaign.
sumably to even smaller sizes based on lab and in situ studduring this period, the air temperature ranged from 7.6 to
ies (O'Dowd and de Leeun2007 Clarke et al.2006 Rus-  13.4°C, with a mean of 11.0C and typical diel range of 2—
sell and Singh2009. Clarke et al(2003 showed that wave 3°C. The relative humidity ranged from 56 to 98 %, with
breaking contributed significantly to sub-100 nm particlesa mean of 82-10% (1SD — standard deviation). Winds
measured at a coastal site, with a peak in the number distriwere consistently onshore, typically from W to SW, and they
bution at~ 30 nm. These small emitted particles are thoughtranged from 3.1-25.2 nT$, with amean of 10.&3.1ms?!
to be substantially enhanced in organics relative to bulk seal SD). Air mass back trajectories were calculated for air
water, and it has even been suggested that sea spray undamiving at the site using the NAME Il dispersion model
200 nm contains no sea saltigg and Leck2009. Ault et al. (Numerical Atmospheric dispersion Modeling Environment;
(2013 have shown that the organic fraction of sea spray genUK Met Office) and the HYSPLIT model (HYbrid Single-
erated mechanically in the lab increases substantially withParticle Lagrangian Integrated Trajectory; NOAA)réxler
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and Hess1997). The air masses arriving at the site origi- whole molecules. The melting point of sodium chloride is

nated in polar regions, North America, and the subtropics,801°C (Sirdeshmukh et 312001, but Na~ and CI- were

but rarely if at all from continental Europe. nonetheless detectable in this study. This was probably due
Particle size distributions were measured using a pair oboth to the decrease in melting point for very small (non-

scanning mobility particle sizers (SMPS). One consisted of abulk) crystals Breaux et al.2004) and the desorption of less

long differential mobility analyzer (DMA; model 3081, TSI, volatile species like NaOH and HCI.

Inc.) and condensation particle counter (CPC; model 3010, The instrument was operated on a roughly 2h cycle in-

TSI, Inc.) and the other consisted of a nanoDMA (model cluding aerosol collection and a “background” for both posi-

3085; TSI, Inc.) and an ultrafine CPC (model 3025A, TSI, tive and negative ions. The background signal is assessed us-

Inc.). SMPS measurements were performed continuouslyng the same procedures as the collection, but without apply-

with a roughly 3 min time resolution. ing a collection voltage to the wire. The background signal
therefore represents the accumulation of neutral gases and/or
2.2 TDCIMS instrument particles on the wire, due either to diffusion of gases from

nearby instrument surfaces or to some of the sample air mix-

Particle chemical composition was measured using the thering into the N sheath gas flowing past the wire, as well as
mal desorption chemical ionization mass spectrometer (TD+he contribution by any semivolatile species that desorb from
CIMS). This instrument has been described in detail elsethe walls of the ion source while the collection wire is heated
where Emith et al, 2004 Voisin et al, 2003. The instru-  during analysis. Both collection and background signals rep-
ment draws ambient air through a pair of unipolar charg-resent integrated “desorption period” ion counts, which have
ers (UPCs), where small particles are efficiently chargeda predesorption baseline signal removed. To achieve better
by ion diffusion Chen and Pui1999. The particles are high resolution (HR) fitting, the baseline and desorption pe-
size selected in radial differential mobility analyzers, or riod data are each averaged before fitting HR peaks. The
RDMAs (zZhang et al. 1995, operating at low resolution signals are scaled at every averaged point by an averaged
(McMurry et al, 2009. Particle mobilities corresponding to reagent ion signal to account for changes in sensitivity aris-
singly charged particles of 15, 20, or 30nm diameter areing due to any changes in the reagent ion concentration. The
selected for analysis based on ambient aerosol size distrireported aerosol composition measurements here have had
butions. Charged, size-selected aerosols are electrostaticaltiie background signal subtracted. Signal errors were esti-
precipitated onto a loop of Pt wire maintained at 4000V rel- mated as the square root of counted ions, and errors were
ative to ground for a typical sampling time of 30 min. The propagated for all arithmetic operations. A detectable signal
wire is shielded from contamination from neutral aerosolswas defined as background-corrected signals which were two
and gases by a sheath of cleap Wfter the collection pe- standard errors above zero.
riod, the wire is translated into an ion source region contain- The TDCIMS signals are reported here as fractions of the
ing an?*’Am alpha-emitting radioactive foil. Here the wire total detectable ion signal for each collected mass spectrum.
is heated by a 70 s programmed current ramp and soak frorithis was done, rather than using the absolute ion signal or
room temperature te 600°C to desorb the compounds con- collected mass- or volume-normalized ion signal, to avoid
tained in the collected aerosol. The reagent ions generated byncertainties and potentially misleading interpretations stem-
the ion source react with desorbed compounds from the colming from the variability in particle volume and sizes col-
lected aerosol to form product ions, which are passed througlected. Estimated uncertainties in the collected mass are sig-
a collisional dissociation chamber and an octopole ion guidenificant, usually on the order of 50% but sometimes higher,
before being detected with a mass spectrometer. based on the error in the fitting approach described below and

The TDCIMS is capable of observing ions of both polari- in the Supplement. The uncertainty is primarily due to the ef-
ties, but only one polarity for a given sample. At all times, the fects of multiple charging in the unipolar chargevcMurry
ion source is filled with ultrahigh purity Ngas. The reagent et al, 2009. A water-based condensation particle counter
ions are provided by small impurities in the,NIn nega-  (CPC; model 3787; TSI Inc.) was located downstream of the
tive ion mode, the reagent ions arg @nd (H0),0;, clus-  TDCIMS collection wire. This allowed for an accurate as-
ters. This chemistry is particularly effective for generating sessment of the number collected, by comparing sampling
deprotonated ions from strong gas phase acids (both organiand background particle concentrations. To estimate the par-
and inorganic) $mith and Rathbon€008. In positive ion ticle volume collected, it was necessary to estimate the size
mode, the reagent ions arg®™ and larger water clusters. distribution of collected particles. This depends on the am-
Ammonia, amines, and some oxygenated hydrocarbons cabient distribution, the selected electrical mobility, the size-
be ionized by this chemistry, which usually results in proto- dependent transmission and collection efficiency, and the dis-
nated molecular ions. The ions observed result from differentribution of charge number for a given particle size. The col-
heating and volatilization processes for different compoundslected volume estimation was performed using laboratory ob-
Ammonium sulfate thermally decomposes before it desorbsservations of multiple charging and transmission in the sys-
appreciably, while many organic compounds can desorb agem, alongside an inverse model that optimized an empirical
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Figure 1. (a) Hygroscopic growth factor for 51 nm dry diameter particlgs. Ambient particle size distributior(c) Fractional ion type
abundance for negative spectra and sum of chloride ions to sum of sulfate ions ratio (black ()ifts)ctional ion type abundance for
positive spectra and sulfate to sodium ratio (magenta points, two volcano plume points cl{ppEdjimated volume of collected aerosol
in each size bin (cm3) and volume mean diameter for each collection (black crosses).

sampling efficiency function to match observed ambient par-ated with that modification, the vacuum chamber and ion op-
ticle size distributions to the TDCIMS CPC number concen-tics were redesigned to interface the atmospheric pressure ion
trations. The approximate maximum sizes of collected parti-source with the HTOF. Several observations, both during the
cles for nominal 15, 20, and 30 nm singly charged particlescampaign and after post-campaign instrument modifications,
are 50, 65, and 85 nm, respectively. The details of the fittingsuggest that the initial designs of the vacuum chamber and
procedure can be found in the Supplement. While the modelon optics resulted in poor ion transmission and excessive
is a somewhat imprecise tool, it gives a qualitative picture ofcollisional dissociation of analyte ions. This had the effect of
which size of ambient particles made up the bulk of the masdow sensitivity for positive ions in general and, we suspect,
sampled for each collection. An estimate of collected parti-for organic species during these measurements.
cle volume by particle size is plotted, along with the volume A chemical calibration of the TDCIMS was performed on
mean diameter for collected particles (Flg). 30 May 2011 using ammonium sulfate aerosol generated by
Just prior to the campaign, the TDCIMS was modified a nebulizer. This resulted in clear $Gnd Sq signals in
to improve chemical specificity via the replacement of the the negative ion spectrum of gas phase $0S0;, suggest-
quadrupole mass spectrometer with a high resolution timeing that the very recalcitrant ammonium sulfate thermally de-
of-flight mass spectrometer (HTOF; TofWerk AG). Associ- composed on the wire rather than desorbing as a neutral salt.

Atmos. Chem. Phys., 14, 115571569 2014 www.atmos-chem-phys.net/14/11557/2014/
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There was a negligible response in the positive ion spectrum 1
to the ammonium sulfate calibration aerosol; however, am- A5
monium was detected in some ambient mass spectra. Later '
laboratory measurements indicated that ammonium nitrate
was detected as NPin the negative ion spectrum. Some
organic nitrates would likely appear as hiGas well. The
instrument is roughly 100 times more sensitive to ammo-
nium nitrate (as N@) than to ammonium sulfate (as S 100+
based on laboratory calibrations. The instrument is compara-
bly sensitive to ammonium sulfate and NaCl in negative ion
mode.
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Aerosol growth factors were measured at Mace Head usingdrigure 2. Mean particle size distributions for the four defined parti-
the Manchester custom-built hygroscopicity tandem differ- cle type periods. Coastal nucleation (CN) was observed during the
ential mobility analyser (HTDMA; Duplissy et al. 2009)). background and sea-salt periods used for HTDMA averages, and
The growth factor (GF) is defined here as the ratio betweerihe plots show those _pen_od; both with and _wnthout th_e CN events.
the aerosol’s equilibrium diameter at 90 % relative humidity Ttr)le dasthed vertical Ilr(wje indicates the dry size for which HTDMA
(RH) and its dry diameter< 15 % RH). To measure this, the observations were made.
sample was drawn first through a membrane drier, to bring
the RH down to< 15 %, then through a charge neutralizer.

. : . . 3 Results
The first DMA was then used to select a particle size. This
quasi-monodi_sperse aero'_sol sample was humidified at 90 % 4 Background particles and events
RH before being passed into a chamber where the temper-

ature was maintained at 228 below the first DMA, for  Typical submicron background particle size distributions
a residence time of around 10s. A second DMA was thenshowed two main modes, an accumulation mode with a
used to size scan the humidified aerosol, with particle dey,ymper peak around 200nm and an Aitken mode with a
tection provided by a water-based CPC (TSI model 3782),,umber peak around 50-60 nm (FR). Typical total inte-
resulting in a GF distribution as a function of dry diameter grated aerosol number concentration was on the order of
(GF(Dg)). The raw data were inverted using the TDMAINV 500 cn13. There were also periods of up to a few hours
software described b@ysel et al(2009. The nominal reso-  gyring which background aerosol concentration was low,

lution of the instrument is 0.05 in GF space. The aerosol dryygyghly 200-300 cm®. The lowest recorded concentration
diameters selected during this campaign were 51, 75, 109y35~ 100 cnt3.

162 and 258 nm, and GF was scanned between 0.8 and 2.8. on several occasions, lasting from hours to about 2 days,
The sizes most relevant for comparison to the TDCIMS datanere were large increases in the concentrations of 10—

are 51 and 75nm. The sample flow rate was maintained a§gnm particles (Figslb, 2). The total particle number dur-
0.45Ipm (liters per minute), and the DMA sheath flows at jng these “nanoparticle enhancement events” was typically
4.5Ipm. 1000-2000 cm?. During these events, there were also less
Full descriptions of the calibrations needed for HTDMA pronounced but clear increases in particle number at sizes
measurements are given Bood et al(2010. Briefly, dry  smaller than the main enhancement band, sometimes down
scans (no humidification, RH 15 %) were performed on & tg the roughly 4 nm cutoff size of the instrument. The en-
weekly basis in order to correct for the system transfer func-ngncement events were primarily associated with polar air
tion, and for any offset between the DMAs. A size calibration y535ses advected over the ocean and were very similar to the
of the first DMA was also performed at the start of measure-gpparent open ocean particle production inferred by previous
ments using latex spheres of a known size. In addition, a salfyeasurements at Mace HeaDowd et al, 2010. During
calibration was performed at the start and end of measurege same study, a new particle formation event was observed
ments, whereby an inorganic salt solution (typically ammo- gt sea about 8h upwind of Mace Head, and the resulting
nium sulfate or sodium chloride) was nebulized and samplecbmme showed nanoparticle number enhancements when it
by the HTDMA at a set dry size of 150nm. The RH was reached Mace HeadEhn et al, 2010. During the present
then scanned over a range of values to produce a humidogragydy, the strongest, most consistent period of enhancement
(mean GF as a function of RH), which can be compared t0gyents occurred from 22 to 25 May, when air masses reach-
modeled values from the Aerosol Diameter Dependent Equijng the site traveled in the marine boundary layer on a trajec-
librium Mixing Model (ADDEM) (Topping et al. 2003. tory that passed between Greenland and Iceland 8Fighe
other major fine particle enhancement period was during the
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Figure 3. Time-integrated air history plot showing the recent sur-

face (0-100 m) influence of the air arriving at Mace Head betweenFigure 4. Averaged HTDMA GF distributions for 51 nm dry diam-

15:00 apd 18:00 on .24 May 2011. The darker colors.re.presemeter particles for the four characteristic periods during the observa-
greater influence. This transport pattern was characteristic of thqionS There were usually two main modes, a sea-salt mode with

nanoparticle enhancement period of 23-24 May. GF> 2, and a GF 1.5-1.7 mode that probably includes sulfate, sea
salt and organics.

May 18-19 period and was characterized by air masses orig-

inating from a more westerly direction, closer to southern . . ) )
Greenland. About 25 % of the sample period from May 14 riod (background), 12:30 on 19 MayTOS.OO. on 20 May; (2)
anoparticle enhancement events with major enhancements

to 31 was characterized by nanoparticle enhancement even(l X )
of one of the two types defined here 50 or 50 nm). Ap- only for particles smaller than 50 nra (50 nm events), 06:00

parent coastal nucleation events also occurred, during whic n 18 May-07:00 on 19 May and 06:00-24:00 on 23 May;

oy . . 3) nanoparticle enhancement events in which the number
there were large, brief increases<4n10 nm particles. These . :
coastal nucleation particles were too small to be analyzedanhancements included 50nm or greater particles (50 nm
with either the TDCIMS or the HTDMA, and we do not di- events), 14:00-24:00 on 22 May and 00:00 on 24 May—04:00

rectly comment further on them in this work. The nanopar- on 25 May; and (4) a period dominated by one high hygro-

. : : scopicity mode (sea salt or SS) in the 51 nm HTDMA sam-
ticle enhancement events referred to in the rest of this work . } i

pertain to the periods of strong 10—60 nm number concentra—ple bin, 10:00-19:00 on 25 I\_/Ia_y. Average SMPS and HT-
tion enhancement DMA data for each characteristic period type are presented
' in Figs. 4 and 2. Examples of the different period types
are shown in Figla and b. During background conditions

and <50 nm event conditions, both the 1.5-1.7 and 2-2.3
The HTDMA size bin closest to the sizes measured by the®F modes tended to be present. However, during events in

TDCIMS was at a 51 nm dry mobility diameter. It is worth Which there were large enhancements-i80 nm particles,
noting that the particle number enhancements during thdh€ nighly hygroscopic mode decreased sharply and the 1.5~

events sometimes included 50-60 nm diameter particles and:/ GF mode became larger (F4). This decrease was ob-
sometimes were confined to smaller sizes. For most of the€rved for particles up to the 162 nm bin size (not shown).
measurement period, there were two distinct GF modes, on&02stal nucleation occurred during part of the background
around 1.5-1.7 and one around 2—2.3 (Fg.The higher and sea-salt perl_oc_j_s, but it did not appear to affect the mea-
growth factor mode corresponds to highly hygroscopic sea>Ured ygroscopicities at 51 nm.
salt, potentially at different degrees of aging. The lower ]
GF mode could contain ammonium sulfate or some mixture3-3 TDCIMS particle mass spectra
of inorganic and organic componensjggren et al.2007,
Hersey et al.2009. In particular, sodium salts of organic The TDCIMS negative ion particle spectra were dominated
acids have hygroscopicities in this rang#( et al, 2011 by CI™, SG,, NO;, and SqQ (Fig. 5b). A subset of the
Peng and Char2001). For larger marine particles measured time series is plotted in Fig. 1c as fraction of total ion sig-
in the eastern Atlantic, a GF of about 1.7 was attributed tonal above detection for each mass spectrum, 36d SQ
internally mixed sulfate, ammonium, and organic particlesare indicators of sulfate (sfp) in the particles. NQ is an
(Allan et al, 2009. indicator of nitrate (NQ) in the particles, potentially inor-
We identified four characteristic particle distributions ganic or organic in origin. The instrument is very sensitive
based on the SMPS and HTDMA observations, and averto nitrate, so the relative nitrate concentrations in the parti-
aged the particle size and hygroscopicity data over theseles are likely much lower than suggested by the relative ion
periods (Figs.2, 4). The periods were (1) a nonevent pe- abundances. Nitrate can also be prominent in the background

3.2 HTDMA observations

Atmos. Chem. Phys., 14, 115571569 2014 www.atmos-chem-phys.net/14/11557/2014/
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Figure 5. Campaign-averaged high resolution mass spectra of par-

ticle composition in(a) positive andb) negative ion modes, mea- 3 4 TDCIMS ion—ion relationships
sured by TDCIMS. This is an average of all background-corrected

points from 19 to 29 May, and one standard error bars are plottedratios of jon time series and ion—ion correlations were used

lon |d_ent|t|es for species which were at least occasionally detectabl% establish relationships and attempt to determine the ori-

are given. gin and nature of the observed particles. Only detectable ion
points were used. For these tests, data collected from 22 to
29 May were used because the ion source temperature was

signals, causing the occasional determination of negative pafhcreased to 80C on the afternoon of 21 May, likely alter-
ticulate nitrate signals. Brwas also occasionally measured N9 relative sensitivities of the differentions. The period from

at detectable levels, but was not detected. 12:00 on 26 May to 02:00 on 27 May was excluded due to the
The positive ion spectra were dominated by,@YNa+  clear volcanic plume, as evidenced by extremely high sulfate
and sometimes acetaldehydepHsO+ (Fig. 5a). Na~ levels and particle numbers.

tracked the (HO)Na" signal but was smaller due toion clus-  1he observed Cl closely covaried with Na _(rz =0.64)
tering in the instrument. Acetaldehyde has a high saturatior?nd & (_:”\‘é (r? = 0.69) cluster in the positive ion spectrum,
vapor pressure and is therefore most likely a fragmentatiorindicating the presence of sea salt (Fg. Sulfate was cor-
product of larger organic compounds. It is very soluble and'elated with sodium but less strongly®(= 0.19), indicat-
could therefore be present in aqueous ambient particles, bifd that a large fraction was non-sea-salt sulfate. Sulfate and
is nonetheless unexpected to observe because the collectéfloride also correlated with? = 0.23. Bromide and chlo-
particles are maintained in a dry nitrogen sheath flow be_rld_e were closely correlated for the few detectab_le bror_mde
fore analysis. A @H705 ion was often detected, most likely pozmts (P =0.68). _Acetaldghydze was correlated with sodium
benzoic acid (based on correlations described below). Theré* = 0-32) and with chloride/(* = 0.26), but not at all with
were occasional instances when another organic species wadlfate ¢2 < 0.01), so it appears to be related to sea spray.
found to be above the detection limit, and these are plot-1he aromatic @H70; ion had a fairly weak relationship
ted as “organics” in Figl. There were often detectable or- With Na* (r?=0.12) and Cf (2= 0.11), suggesting that
ganic peaks, but very few individual peaks which were con-It IS not a common sea spray component.

sistently detectable. Observed ions includH&O; (e.g.,

nonanoic acid), gHg (butene or methylpropene), GB;
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lon ratios for chloride to sulfate and sulfate to sodium were ¥ =0.39, p < 0.001 - 0.24, p = 0.033
calculated to assess the relative roles of fresh sea-salt ani » '*%° . S @ 400 oy
non-sea-salt sulfate over time (Fitg, d). These ratios are QN 800 . ¥y v ;QN 300 .,
based on the sums of detectable sulfate, sodium, and chlo w0 : R 2‘2 200 . +
ride ions. During the sea-salt period the chloride to sulfate <& T S oo oL
ratio was high, 2.420.22 (1 SD). It was much lower dur- e — ——
ing the 50 nm event periods, 1.300.38. It was intermediate 400 800 1200 400 800 1200
and variable (1.7% 0.7) during the< 50 nm period, perhaps 13760 nm CN (per cm’) 13- 60 nm CN (per cm’)
because the transition to the 50 nm event period was already 5009 r*<0.001,p=0.86 |, r-004p-018
beginning to occur. The sea-salt mode is in general promi- 400 b + 010 ’ .
nentin the HTDMA data when the chloride to sulfate ratiois & soo <. - T P
high (Figs.1a, c). Nonetheless, a significant sulfate ion frac- £ 200~ ™+ 7§ 2 P
tion was still present despite the lack of a strong GF 1.5-1.7 1004+ *, o oq T
mode in the HTDMA data during the 50 nm event on 24 May. o o 1200 e a0 1200
This is probably due to the abundant 20—40 nm mode which 15 - 60 nm CN (per cm’) 15 - 60 nm CN (per cm’)

was sampled by the TDCIMS but not by the HTDMA. There

was an event with an extremely high sulfate fraction (aboutFigure 7. Correlations between individual species measured by TD-
60 times Ct) on 26 May, most likely a volcanic plume re- CIMS and the sum of ambient particle number (CN) in the range
sulting from the Grimsvétn volcano eruptions of 22—25 May. ©f 15-60nm during the period 22-28 May. Three points prior to
Air masses during this day came almost directly from the Midnight on 26 May were excluded, due to very high sulfate lev-
north near Iceland. This was a common air mass back tragal_s attributed to a_volcanlc plume. The ion most closely a_ssomated
. . . ith the nanoparticle enhancement events-;HﬁD;’, most likely
Jectory, al_so observed during th.e nanqpartlcle enha,ncemer\genzoic acid. Inorganic salts are not correlated with the increases
events (Fig3). The sulfate to sodium ratio showed an inverse i, yarticle number during this period. Coefficients of determination
pattern to the chloride to sulfate ratio, with higher values dur-andp values for the linear fit slope are given.

ing the periods when the sea-salt-hygroscopicity mode was

low. The ratio was divided by 10 for the plot to set the low-

est values to about 1 (Fi@d). These lowest scaled sulfate to less statistically significant Ievels:galgoj (e.g., nonanoic

sodium values represent an upper limit for the signal ratio of _ . - n | . .
fresh sea spray. Collections with higher values than this cer?c'd) atp = 0.033and GH130; (e.g., hexanoic acid) at =

tainly contain a non-sea-salt sulfate component, and highe9’060'
values (1.5-3.5) occur consistently during the long 50 nm
nanoparticle enhancement event beginning on 24 May.

4 Discussion
3.5 Chemistry-particle number relationships

There were at least two characteristic particle types in the
The fine particle enhancement events were characterized byub-100 nm size range observed: a very high hygroscopicity
large enhancement in particle number in the 15-60 nm rangamode which had a significant sea-salt component and a lower
The sum of the particle number for that range was plottedhygroscopicity mode which had a less certain composition.
against the major ions observed to investigate the chemistrsoth modes were present most of the time. The GF of am-
of the event particles for the period May 22-28, excluding themonium sulfate fits within the lower hygroscopicity mode’s
period of low mass collection beginning on 28 May. The ion range (GFs of about 1.5-1.8). However it is also possible that
showing the strongest correlatior? (= 0.39) was GH;O; this mode contains mixtures of sulfate, sea salt, and organics.
(Fig. 7). This ion most likely represents benzoic acid, as it The nanoparticle enhancement events were characterized
correlates reasonably welt{=0.5) with C;HsO, (ben- by a large increase in particle number in the 15-60 nm diam-
zoate) in the negative ion spectrum for the very few pointseter range, in the lower hygroscopicity mode. These events
when this species was detectable in the negative ion modavere closely linked to the presence of organic compounds,
Also, though detectable benzoate points do not correlate welbut not to inorganic components. Number enhancements at
with particle number, benzoate correlates with= 0.16 and  slightly smaller sizes during 50 nm events indicate growth
p = 0.0045 if points below detection are included. An alter- from very small sizes and are suggestive of new particle
native molecular identification for thez8,0; ion is hy-  formation (Fig.2). The correlation of the number enhance-
droxy benzaldehyde, and we cannot exclude the additionaments with benzoic acid is consistent with laboratory exper-
presence of this molecule. CI SG,, NO,, and Na& all  iments showing enhanced sulfuric acid particle nucleation
correlate negligibly % < 0.05, p > 0.1) with the particle  and growth rates in the presence of benzoic atigig et al.
number in this size range. Two other organic species shov2004). The 50 nm event periods do not show the sub-15nm
some correlation with the particle enhancements, though atnhancement but instead show a shift in the distribution to
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slightly larger sizes. This suggests that the 50 nm events arerease, but in general the nanoparticle enhancements were
a later stage of growth than the50 nm events. not correlated with ions from the major inorganic acids (sul-
In the 50 nm event periods, there was an abundance of GFate and nitrate). It seems therefore possible that organic
1.5-1.7 particles, and the GF 2—2.3 mode was almost elimiacids provide the acidity required to release HCI from the
nated. The elimination of the sea-salt mode suggests eithgrarticles.Laskin et al.(2012 have shown that weak dicar-
that the sea salt which had been present was significantlpoxylic acids with high Henry's law constants are able to
modified by the events, or that events occurred under condidisplace a large fraction of the chloride present in mixed or-
tions of lower sea-salt loading. Given the continued presencganic/NaCl particles under some conditions.
of sodium at similar levels throughout the observations, itis While new particle formation appears to be involved in
more likely that existing sea salt was significantly modified. the fine particle enhancement events, the source of the par-
Therefore, at least some of the lower hygroscopicity modeticle mass remains unclear. The lifetime of very small parti-
(GF 1.5-1.7) particles are probably sea-salt-dominated pareles ¢~ 10 nm) is generally less than a few houBsdspero
ticles which have shifted in GF by the addition of organics 2002, and the nanoparticle enhancement events occurred in
and loss of chloride. The constant presence of non-sea-safharine polar air transported in the boundary layer over a
sulfate argues that the low hygroscopicity mode contains dew days, indicating that the particles were formed over the
significant sulfate fraction as well. Ammonium sulfate has aocean. The duration of the nanoparticle enhancement events
growth factor of 1.7, and measured pure organic GFs are uniimplies that this process occurs during both day and night,
formly lower (Peng et a].200%; Zardini et al, 2008 Hansson indicating that photochemistry may not be directly required
et al, 1998. Growth factors in the range of 1.76-1.85 have throughout the particle formation process. Biogenic lipids
been measured for the sodium salts of pyruvic, maleic, malare present at the sea surface and are thought to contribute to
onic, and succinic acidPéng and Char200]). The same  primary marine organic aecros@écesari et al2011, Kawa-
study found growth factors of 2.18 and 1.91 for sodium for- mura and Senl996 Aluwihare and Repetd 999. The ob-
mate and sodium acetate, respectively. Hygroscopicity measerved C9 and C6 alkanoic acids could be derived from the
surements of internally mixed NaCl and benzoic acid parti-oxidation of volatilized long-chain surface lipid€gwamura
cles show that a growth factor of around 1.7 would probablyand Sem1996 Osterroht 1993. A likely source for ben-
be achieved for about a2 NaCl: benzoic acid mixtureshi zoic acid is less clear. Benzoic acid is an oxidation product
etal, 2012. of aromatic hydrocarbons, and it has been detected in parti-
These observations support the hypothesis that sea salt @es following oxidation of aromaticg-prstner et aJ.1997).
a regular component of marine aerosol even at very smalHowever, aromatics are not expected to be abundant in clean
sizes. Sodium and chloride were observed in essentially alinarine air in this regionHopkins et al. 2002 Lewis et al,
collected particle samples, but neither species was strongl$997. Phenolics are a class of aromatic compounds which
linked to the nanoparticle enhancement events. If sea surfadeave been detected at the sea surface, presumably the re-
bubble breaking is involved in the generation of th60 and  sult of biological activity Carlson 1982 Carlson and Mayer
50 nm events, its only significant contribution must therefore 1980. Benzoic acid lacks the hydroxyl group of a phenol, but
be organic vapors or organic-rich primary particles, not seat or its precursors may be generated by pathways similar to
salt. This observation could be consistent with investigationghose that produce phenols. Petroleum compounds present at
of sea spray generation that show that the sea-salt fractiothe sea surface due to seeps or anthropogenic releases could
is small or absent in sub-100 nm particléalt et al,, 2013. be another source of aromatic hydrocarbons. These hydro-
However, if the nanoparticle enhancement events representezhrbons would need to be volatilized and oxidized in order
direct sea spray emission, significant enhancements in pate generate the benzoic acid which appears to be involved in
ticle number at larger sizes would also be expected basegarticle nucleation and growth.
on known sea spray source functioiaiéntes et al.201Q
Clarke et al, 2006, but this was not observed. The presence
of organics in seawater has been shown to enhance the pr& Conclusions
duction of smaller sea spray particle sizes, potentially result-
ing in part of the large number enhancements observed athe chemical composition and hygroscopicity of marine
small sizes $ellegri et al. 2006. This effect alone has been nanoparticles were measured during May 2011 at the coastal
observed to have only a roughly twofold effect on small par- site Mace Head. There was essentially always a sea-salt com-
ticle production, however, and does not narrow the distribu-ponent in the observed aerosol. There was also almost al-
tion of particle sizes generated. It seems likely that preexistways a separate mode which probably contains sulfate, sea
ing particle phase sea salt was modified by the nanoparticlsalt, and organics. There were several events during which
enhancement events. During these events, the chloride fradthe number concentrations of 10—60 nm particles increased
tion decreases relative to sodium, and for the 50 nm events, idramatically. These events appear to involve the nucleation
particular, the sea-salt-hygroscopicity mode is almost goneof new particles over the ocean, and these events were
During the event on 24 May, there was a relative sulfate in-connected to increases in organic species in the observed
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particles. The frequency of the nanoparticle enhancemenBzdek, B. R., Zordan, C. a., Luther, G. W., and Johnston,
events suggest that they were a major source of fine particles M. V.: Nanoparticle Chemical Composition During New
over the Study period_ If these events are of the same type Pa.rticle Formation, Aerosol Sci. Technol., 45, 1041-1048,
described byO'Dowd et al.(2010), they may be important ~ d0i:10.1080/02786826.2011.5803%D11.
for particle number and CCN availability during much of the B2dek, B. R., Zordan, C. a., Pennington, M. R., Luther, G. W.,
spring and summer in the North Atlantic. The composition of ~2"d Johnston, M. V.. Quantitative assessment of the sulfuric acid
marine nanoparticles remains extremely undersampled, and contribution to new particle growth., Environ. Sci. Technol., 46,

. . L . ! 4365-4373, doi0.1021/es2045562012.
further observations with sensitive Ins'trumentatlcl)n should b'EICarIson, D.: Surface microlayer phenolic enrichments indicate sea
undertaken to understand the formation and aging processes g rface slicks, Nature, 296, 426—429, 1982.
of this aerosol. Carlson, D. and Mayer, L.: Enrichment of dissolved phenolic ma-

terial in the surface microlayer of coastal waters, Nature, 286,

The S | lated hi iclei ilabl i 482-483, 1980.
e Supplement related to this article Is available online  cpe b R and Pui, D.: A high efficiency, high throughput unipolar

at doi:10.5194/acp-14-11557-2014-supplement aerosol charger for nanoparticles, J. Nanopart. Res., 1, 115-126,
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