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Abstract. A clear understandingf mew particle formation processes in remote oceans is
critical for properly assessing the role of oceanic dimethyl sulfide (DMS) emission on the
Eart hos climate and associated climate
anthropogenic pollutants and ledfplants, the Antarctic continent and surrounding oceans
are unique regions for studying the lifecycle of unalt sulfate aerosols. Here we
investigate the weltecognized seasonal variations of new particle formation around
Antarctic coastal areasith arecently developed global sizesolved aerosol model. Our
simulations indicate that enhanced DMS emission and photastngrduring the austral
summer season lead to significant new particle formation viemediated nucleation
(IMN) and much higher padie number concentrations over Antarctica and sufimgn
oceans. By comparing predicted condensation nuclei larger than 10 nm (CN10) during a
threeyear period (200582007) with the longperiod continuous CN10 measurements at the
German Antarctic stion Neumayer, we show that the model captures the absolute values
of monthly meanCN10 (within a factor2i 3) as well as their seasonal variations. Our
simulations confirm that the observéthtarctic CN10 and cloud condensationuatei

(CCN) seasonal variationare due to the formation of secondary particles during the
awstral summer. From the austral winter to sumntiee,zonaly averaged CN10 and CCN

in the lower troposphere over Antica increase by a factor of4r6 and -2i4,
respectiely. This studyappeardgo show that the FBOsi-H,O IMN mechanisnis able to
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account for the new particle formation frequently observed in the Antarctica region during
the austral summer.

Keywords: DMS emissionnucleation southern ocegrseasonavariations;CCN

1. Introducti on

Aerosol precursor gases emitted from oceans have been well recognized to play an important role ir
the Earthds radiation budget and climate feed
important contributor to the global sulfur cycle andoxsdationaccounts for 20% of the global S©
sources[1]. Charlsonet al. [2] proposed a negative feedback mechanism onEthe t hds c | i
involving the oceanic DMS emission, sulfate aerosol production, and cloud propegties (f CL A Wo
hypothesis). &cording to this hypothesis, a warmer climate would increase DMS emission and
atmospheric DMS concentrations which in turn would lead to higher formation rates of sulfate aerosols
and cloud condensation nuclei (CCN) atiance. The resulting increase in dalbedo should reflect
more sunlight back to space and thus cool the Earth. Despite numerous wtdéieaken since 1987
to verify the ACLAWO h yepoce th mday'ssclimate idsydsemtgnitudet a n ©
and even the i dofne eafb atctke nmfe@ LhAWBi6k Anlack & quarititatise u n c
understanding of new gai cl e f or mati on processes is one of
hypothesis that remain to besolved[6].

Almost free from anthropogenic pollution and lehfglants releasing organic aerosol prsous,
the Antarctic continent and surrounding oceans are unique regions for studying natosgheric
sulfate aerosols. The total number concentrations of particles in Antarctica have a strong seasona
variation,from as low as a few tens per tin the austral winter (JJA: June, July, August) to several
thousands per cirin the austral summer (DJF: December, January, Febr{iz§) Particle size
distribution measurements indicate that the high DJF particle elununcentrations are associated
with the presence of cleation mode particlefl0-16]. Koponenet al. [14] reported particle size
distributions (3800 nmin diametey measured in continental Antarctica during the austnainsers
2000 and 2001 and showttht a nucleation modevith diameter< 20 nm) was present in more than a
half of the measured spectra. It has been generally accepted that formation and growth of secondar
particles in Autarctica is mainly through the oxidation product of DMS emitteanftbe Southern
Oceans[17]. Particle chemical composition analyses suggest that accumulation mode patrticles in
Antarctic air masses are miysacidic and consist primarily of sulfuric adqibB,19]

While the presence of nucleation mode particles in Antagst during the austral summers has
been well recognized, a comprehensive modeling study of the formation mechanisms of these particles
is lacking. Ito et al. [11] discussed possible processes leading to new particleatform(binary,
ternary, and ionucleation) but no quantitative calculations were given. Bae. [16] found that the
H.SO, concentrationg[H,SOy]) measured at the South Pole during ISCAT 2000 are substantially
below the values required for,80,-H,O binary homogeneous nucleation (BH&hd suggested that
either other species participated in particle formation and/or that the observed nucleation mode
particles were transported from elsewhere. Kopaceteal. [13,14] found that new particle formation
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does take place in the Antarctic boangl layer and has apparently something to do with the coastal
areas. Measurements onboard a ship indicated thatleation mode was frequently observed as the
ship approached the Antarctic cofkB]. Based on particle size distributions (diamete8® nm)
measured at the Finnishnfarctica research station Aboa {033 6 S°2 5 d B30 km from the
coastline) during the austral summers 2000 and 2R6fpnenet al. [14] showed that evidence of
recent new particle formation could be seen in marine/caaistalasses only. Morecently, Virkkula
et al. [19] and Asmiet al. [20] reported the observed size distributions of ion clusters and charged
particles at Aboa ding 12/14/20041/30/2005 and 12/29/2006/29/2007, and showed that clear
nucleation eventsazurred on 211 23% of the days at the site, a fraction similar to that observed at a
boreal forest site.

A number of modeling studies investigating new particle formation at a global scale have been
reported in the last couple of yedts,21-28], althoudh none of thesstudiesspecificallyfocused on
new particle formation around the Antarctic coastal regidf@honenet al [17] showed no
nucleation in the boundary lay@L) based on a BHN scheme acahcludedthatthe main pathway
of DMS influence onCCN number ighe nucleation of DMS&derived HSO, in the free troposphere
and subsequerownward entrainmenWith the BL nucleation calculated bgn empirical formula
which expresses nucleation rate J as J H#S{,] (where A is an empirically deriveduostant)the
studies ofMerikantoet al. [26] and Wang and Penng4] indicatedsignificant contribution oBL
nucleationto global particle number concentration and CCN abundancet ¥u[28] showed thathe
empirical formula significantly overpredct (by a factor of up to 10)the particle number
concentrations in the Bhver remote ocean$he extensive comparisons of simulated global particle
number concentrations with landhip, and aircratt based measuremerity Yu et al. [28] indicate
that, among six widely used nucleation schemes involvit$O, vapor, only the ion-mediated
nucleation (IMN)scheme can reasonably account for both abswhltees (within a factor of2) and
spatial distributions of particle number concentrations imthele roposphere

One major uncertainty iourrentglobal aeosol simulationgemains to beéhe mechanism of new
particle formation. As mentioned earlier, tAatarctic continent and surrounding oceans are unique
regions for studying the formation of natural aspheric sliate aerosolsThe purpose of this study is
to investigate the seasonal variations of new particle formation aroundnthectic coastal areas
associated with DMS emissions, using a recently developed globaksaged aerosol mod§27]
and focusingon IMN mechanismMultiple-year continuous measaments of CN10 at the coastal
Antarctic station Neumayeareused, for the first time, to evaluate the ability of the model in capturing
the season variations of CN10. The contributions of seecgndad primary pdicles to CCN
abundance in the region and their seasonal variations are also analyzed. This study is important in viev
of a possible large reduction in the DMS sea surface concentratidghe Southern Oceans (up to
~40%) in the year 21Dpredicted by a global modeling stuéy, and the unresolved physical processes
governing the observedas®nal variations of cloud properties over the Southern (J26e31].

2.Global SizeresolvedAerosol Model

Yu and Luo[27] incorporatedan advancegarticle microphysics (APM) model into GEE€3hem,
which is a global @ model of atmospheric composition driven by assimilated meteorological data
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from the NASA Goddard Earth Observing System 5 (GERSThe GEOSChem model has been
developed and used byany research groups and contains many -statiee-art modules treating
various chemical and aerosol proced&237] with up-to-date key emission inventori¢38,39] In
GEOSChem, DMS emission by phytoplankton is calculated using a global distributfo®DMS
seawaterconcentrations fronKettle et al. [40] and a standard sear exchange parameterization
driven by the local wind41]. The global teal DMS flux for 2006based on GEO&hemis 20.0 Tg S
yr', which is close to the values derived from most of the models discus¥énbithouseet al. [42].
A detailed @scription of the GEO&hem (including various emission sources, chemistry and aerosol
schemes) can be found the model webpadd3].

In the present version of the APM modukgzeresolved microphysics for secondary particies, (
those formed from @seous species) and sea salt have been treated with 40 sectional bins to represen
sulfate (or secafary) particles and 20 sectional bins tpresent sea salt particles. The bin structure is
chosen to have relatively high resolution for the size ranges important to the growth of nucleated
particles (a few nanometers) to CCN (30 bins in the dry diameter range of 1120 mm). The dust
particlesare represented by four bins. Both black carbon and primary organic carbon particles are
represented with two legormal modes. The growth of nucleated particles through the condensation of
sulfuric acid vapor and equilibrium uptake of nitraten@onium,and secondary organic aerosol (SOA)
is explicitly simulated, along with theoagulationscavenging of secondary particles by primary
particles (dust, black carbon, organic carbon, and sea salt). The model also keeps track of the amour
of secondary speciepated on each type of primaryrpeles, as a result of coagulation, condensation,
and equilibrium uptake. More details of theas® model can be found wu and Luo[27].

In this work, we extend the studies presentedurand Luo[27] by carrying ousimulations with a
horizontal resolution 02° x 2.5° and 47 vertical layers up to 0.0pa (GEOS5 meteorological fields).
Our previous publications focus on the discussions of annual mean global aerosol number abundanc
simulated with GEO&hem + APM a#° x 5° horizontal resolution. This study focuses on seasonal
variations of new particle formation over Antarctica andaunding ocean simulated with GEOS
Chem + APM at 2 x 2.5° horizontal resolution. Th&EOSChem v801-03 used inYu and Luo[27]
hasbeen updated to v82-02 for the present simulatioew particle fornation is calculated based on
an ionmediated nucleation mechanidd¥] which has been shown to reasonably account for total
number concentrains of particles larger than ~4 nm anth~m observed in different parts of the
tropospherg27,28) The oc e ani -pinenessmipsiorindzated bydshipUneaments is
not considered in the present study due to the large unresolved difference between the total fluxes
der i ved -domam afntdo-yfipboo t at popM5Sh \We havecenductedsimulations for three
years (20062007), with 2 months of spinp running. The seasohalmean esults presented below
are for year 2006 onhBensitivity studiego examine the impact of DMS emissidmangeandrole of
BHN have also been carried out fggar2006.

3. Simulations andResults
3.1 GeneralFeatures

Figure 1 shows the simulated seasonallgraged DMS emission rate, S€ncentration ([S€)),
H,SO, gas photochemical production rates{$4), and [HSQy] for the austral summer (DJF) and
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winter (JJA) seasons in the surface layer ovatactica and the surrounding ocean. Due to the sea ice
formation, DMS emission near the coastgions (~68S and South) is essentially zero in the winter
(JA). The melting of ice during DJF leads to significant DMS emission, with a rate exceeding 30 mg
m' 2 montH* near the western marctic coastal regions. In most parts of the Southern Ocean, DMS
emission rates during the sial summer are a factor of BO higher than those during the austral
winter. As a result of higher DMS emission and stronger mhamistry associated with the increased
sunlight, [SQ], Pu2sos and [BSOy] concentrations are enhanced significantly in the austral summer
season. Swsonal mean [S€ during DJF can reach over 100 ppt&ds over 10004 cm * s %, and
[H2SQOy] over 1.2x 10° cm' ® around the western Antarctica coastal regions. In contrast, seasonal mean
[SO;] during JJA is below 15 ppt,yBsosbelow 10 crh® s %, and [HSOy] below 4 x 10° cml 2 in the
surface layer over Antarctica atite Southern Ocean.

The enhanced DMS ession, photochemistry, and J6Qy] lead to significant new particle
formation and much higher total particle number concentrations in the surface layer ovetidantar
and the surrounding ocean during festral summer season, which can be clearly seEigure 2. It
IS interesting to note that the predicted highest nucleation rates dmeedoaround the coastline
(Figure2a), which is consistent with measuremdt;14] Our model reveals that the association of
nucleation with coastal areas is a ttestf high Py2so4 (Figure 1e), reétively lower condensation sink
(C9 (not shown), and highH,SOy] (Figure 1g) in these regions. In the surface layer over most parts
of the Southern Ocean, nucleation rates are small because of relatively x&€,] caused by high
surface areas associated with increased sea salt particles. The seasonalnocexgratton of the
condensation nuclei larger than 3 nm (CN3) reaches above €800h the surface layer around the
coastal areas during the austral summer season, with langertal gradients around the coastline.
This is in dramatic contrast with those of thenter season where CN3 is generally in the range of
50i 200cm * and ircreases with decreasingitatle. There also exist significant seasonal variations of
the number concentration of condensation nuclei larger than 10 nm (CN10) and CCN at water
supersatution of 0.4% (CCNO.4 corresponding to dry diameter of ~60 )armihe ®asonal mean
CN10 and CCNO.4 in the surface layer over the Antarctic and coastal regions are respectively in the
range of 3001500cm 2 and 60200cm ° during the austral summer, and are respectively in the range
of 50/ 150 cm ® and 2060 cm ® during the astral winter. Compared to CN10, the relatively higher
CCNO0.4 seen ovehe Southern Ocean for both seasons (especially the wintsorseare due to the
high sea salt particle essions.
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Figure 1. Simulated seasonal averageof (for year 2006)DMS emission rate, SO
concentration ([S€)), H.SO, gas photochemical production ratei{&4, and HSO, gas
concentration ([HSQy]) during the austral summer (DJF) and winter (JJA) seasoribe
surface layer over Antarctica and surrounding osedine location ofthe German
Neumayer station)i@S7mAa4&kes, wodhAFTX®Wi n each

‘Ss(a) 2006 DJF DMS emission (mg m? month!) 455(b) 2006 JJA DMS emission (mg m month!)
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Figure 2. SimulatedIMN rate (JIMN), total concatrations of the cadensation nuclei

larger than 3 nm (CN3) and 10 nm (CN1é)d total concentrations dECN at water
supersaturation of 0.4% (CCNO.during the austral summer (DJF) and winter (JJA)

saasons (seasonaHlgveraged for year 2006) in the swé layer over Antarctica and
surrounding oceanThe location otheGer man Neumayer stafison (70
mar ked with AX0 in each panel



