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Abstract

Sea salt arosob (SSA) are dominant particlesn the arctic atmosphere and
determinethe polar radiative balanceSSA react withacidic pollutantsthat lead to
changes ophysical and chemical propertiestbkir surface which in turn alter their
hygroscopic and optical propertiesTransmission electron microsgopwith
energydispersive Xray spectrometryvas used t@nalye morphology,composition,
size and mixing stateof individual SSA at NyAlesund, Svalbard in summertime.
Individual fresh SSAcontained cubic NaGtoated bycertain amountsf MgCl, and
CaSQ. Individual partially aged SSgontainedrregular NaClcoated bya mixture of
NaNG;, NaSO;, Mg(NOs),, and MgSO,. The comparisorsuggestshe hydrophilic
MgCl, coating in fresh SSAlikely intrigued the heterogeneous reactions at the
beginningof SSA and acidic gasekdividual fully aged SSAnormally hadNa,SO,
cores and an amorphouscoating ofNaNG;. Elemental mappirgof individual SSA
particlesrevealecthatas the particleageing Cl gradudly decreased but the, N, O,
and S content increased®C mapping from nanoscale secondary ion mass
spectrometryndicates that organicmatterincreasedn the aged SSA compared with
the fresh SSA ™C line scan further shows that organic matter was mainly
concentratean the aged SSAurface Thesenew findingsindicatethat ths mixture
of organicmatterand NaNQ on particle surfacglikely determine theirhygroscopic
and optical properties'heseabundant SSAsreactive surfaceabsorbinginorganic
and organic acidic gasesin shortenacidic gaslifetime and influence the possible
gaseous reactions in tharctic atmosphere which need tobe incorporatedinto

atmospheric chemical modeh the arctic troposphere
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1 Introduction

The arctic atmosphemaslong believed to ban extremelyclean background
laboratory to researcherosol chemical procességnsport ofatmospheriaerosols,
and their impact on global climatgaw and Stohl, 2007 In the last decades
however,arctic temperatusehaveincreasd at twice the global average ra{Serreze
and Francis, 200Q6resulting ina dramatic decrease Afctic pack ice(Lindsay et al.,
2009. This arctic climate change has been attributed to the increfageeenhouse
gasesin the troposphergVavrus, 2004 and to anthropogenic emissigsnof air
pollutants fromthe middle latitudes(Barrie, 198@ziomon et al., 200&aw and Stohl,
2007). I n particul ar, t he A Ar ctha longrdigez e 0
transport ofanthropogenic emissiorfs.g, organicacids H,SO/SO,, andHNO3/NOy)
from lower latitude has received increasing attention in the last thirty years
(Heintzenberg, 1988haw,1995Law and Stohl, 2007

Various aerosol particles froindustrial, urbanand maine emissions occur in
the arctic atmospheréGoto-Azuma and Koerner, 20;Ghorai et al., 2014 Black
carbon as one solar absorber in the troposphere and in the snow(ldegeeet al.,
2009 can amplify the change of the arctic climg@&and et al., 2093 In addition,
H.SO/SO, and HNO3/NO, from anthropogenic sourceim middle latitudes are
transported intdhe central arctic are@aw and Stohl, 2007 where theyreact with
sea salt aeros®(SSA) (Hara et al., 200&eng et al., 20%18ierau et al., 2004 SSA
have reactivesurfacs that can easily participate in heterogeneous and multiphase
chemical reactiomn (Rossi, 2008 and playa significant role in the global S and N
cycle (P&fai et al.,, 1994Sierau et al., 2094 Theseaged SSA not only affect
incoming solar radiation by scattering or absorbing dirgddtlyrphy et al., 1998 but
alsocan serve as cloud condensation nuclei (CCN) or ice nuclei (IN) and falté&er
cloud properties(Hu et al., 2003.eck and Svensson, 2013t wasalso proved that
suchcloud changesause40% of thearctic warming (Vavrus, 2004 Understanding
the chemical composition of the arctic SSA is criticaluederstanchow they affect
the polar climatéHara et al., 2003

SSA have beemtensivelystudied in both laboratory and field experiments in
3
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coastal areagO'Dowd et al., 19970'Dowd and De Leeuw, 200¥ao and Zhang,
201LLi et al., 2011bLaskin et al., 201Ault et al., 2012Ghorai et al., 2014 In
laboratory studie®\ult et al. (20133 suggested spatial redistribution of the cations
(Na', K*, Mg®*, and C&") between core and surface after heterogeneous reaction of
SSA and nitric acids Deliquescencenode experiments with mixed NaCl/MgsO
aerosol particles show that Mg salts (e.g., Mg®@d MgC}) concentratedn the
surface can easily take up waterd lowerthe deliquescence poirdf NaCl particles
(Woods et al., 200)0Hara et al(2003 suggested that most SSA plapivotal pole in
the lower troposphere (< 3 km) and result in noticeable depletion of chloritiein
arctic. Laskin et al.(2012 found thatSSA may effectively react with organic acids
leaving behind particles depleted in chloride and enriched inctmesponding
organic sak in one polluted coastal area@rganic acids can react with SSA and
changeheir hygroscopicityin polluted continental ai{Ghorai et al., 2014 which can
altertheir heterogeneous reactions and CCN actigligskin et al., 201 In light of
the limitedmicroscopic observations of arctic aerssat least twajuestions havaot
been answeredrirstly, detailed informatioraboutageing processes dbSA surfaces
hasnot beerdeterminedn thearctic atmospher&econdlyto what degree dorganic
acids reactwith SSA in the clean atmosphere This knowledge is critical to
understandhow small amounts ofanthropogenic gases (e.g., organic acids,
H.SO/SO,, and HNQ/NOy) affect thehygroscopic and optical properties ®BAin
thecleanarcticatmosphere

To characterizendividual SSAcollected on August-23, 2012, athe Chinese
Arctic Yellow River Station we applied different microscopic techques with
resolution down tothe nanometerscale transmission electron microscopy with
energydispersive Xray spectrometry (TEM/EDX), scanning electron microscopy
(SEM), scanning’EM (STEM), andatomicforce microscopy{AFM), andnanoscale
secondary ion mass spectrometry (nanoSIMS). ditfierenttypesof individual SSA
were identified based ortheir morphology and composition Elemental and ion
mapping revealed mixing propertiesf different species in individugbSA which

further participated inchemical reactions in the clean Arctic atmosphéiee dual
4
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ams of our studyareto explainthe need to understand the complexity of realistic
atmospheric SSA ando provide fundamentalexperimental data to understand

heterogeneous react®maf SSA in the clean arctic atmosphere.

2 Experiments
2.1 Sampling

Svalbard isan archipelago in the Arctic Oceaonsising of Spitsbergen, Bear
Island, and Hopenwhich togethercover about 6200 km® Ny-Alesund, whose
geographical coor di nag stsmtedaon ¢he WeltAcbast NjN |
Spitsbergerand isan international center of scientific research and environmental
monitoring inthe centralArctic.

Aerosol samples were collected from 328 August 2012 using an individual
particle sampler ahe Chinese Arctic Yellow River StatigiNy-Alesund(Fig. S1) We
use copper TEM grids coated with carbon film (carbon -p&00mesh copper,
Tianld Co., China) to collect aerosdby a singlestage cascade impactor with a
0.5mm-diameter jet nozzlat a flowrate of 1.0 L miit. The collection efficiency of
the impactor is 50% for particles with an aerodynamic diameter of 0.3 pm and almost
100% at 0.5 pm if the density of particlés 2 g cmi®. The samplingurationof each
samplevariedfrom twenty minutes to two hours depending on the aerosol dispersion
on the film thatwas estimatedby optical microscopy after the samplinghen we
placed the griglin sealed, dryplasticcapsuls to prevent contaminatiorFinally, the
samples werstored in a desiccatat 25 °C and 203%relative humidity RH) until
analysig(Li et al., 2011

According to the sampling time and sample quality, 23 aerosol samples were
selectedfor analysiswith TEM. During the samiing periods, temperaturg were
1.6~7.3°C; RH, 56~94%; air pressurgd97.0~1020.7hPg and sampling wind spesd
0~8.9m s*. Detailed sampling informatiocan be foundn TableSL.
2.2 Electron microscopicanalyses

Individual particle samplewere examined by 4dEOL JBM-2100 transmission

electron microscop operated at 200 kV witkenergydispersive Xray spectrometry
5
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(TEM/EDX) andscanning electron microscpSEM; PhilipsXL30) operated aa 20
kV accelerating voltage aral80 PA filament. EDX spectra wer@xaminedwithin a
maximum time of30 s to minimize potential beam damage aefficiently collect
particle elemental compositiomMEM grids weremade of copper (Cwgnd covered by
acarbonreinforcedsubstrateso Cu had to beexcludedfrom the quantitative analyses
of the particles whileresidualC content wagletectedand overestimatedn EDX
spectraof individual particlesElemental compositiormorphology size distribution
and mixing state have been studied by th€EM/EDX. Both submicron and
supermicron particles occonthe TEM grids: coarser particles occur near the center,
and finer particles are on the periphéryand Shao, 2009 To be more representative,
4-5 areadrom the center to periphery of the sampling spete chosen to analyzd
the particles Altogether vwe analyzd 1577 aerosolparticles to understand the details
of their mixing states, botinternal and externalWe use iTEM software toanalyze
the TEM imagesand obtaied area, circularity, perimeteand equivalent circle
diameter of individual aerosol particles.

Some typicaberosol particles were analyzed for elemental mapping with a JEOL
JEM-2100F TEM with scanning TEM (STEM) operation mode. Elemental mapping
were collected in the annular dafleld imaging mode,with the electron beam
focusedon a corresponding spot of the samplet thenscanned ovethis areain a
rasterElemental mapping has become an importaotin individual particleanalysis
in the recent year§Ault et al.,, 2012.i et al.,, 20134.i et al., 2013p, because it
clearly displag thedistribution ofthe detectableelements within each patrticle.

2.3 NanoSIMS analysis

Individual aerosol particlewereanalyzedusing ananoscalesecondary ion mass
spectromedr (nanoSIMS) 50L (CAMECA Instruments, Geneviers, Franca)
ultra-high vacuumtechnique for surface and thiitm analysis atthe Institute of
Geology and Geophysics, Chinese AcademySoiencesIn this study,*’C’, *°0,
120N, No,, s, *Cl, and®Nat®o ionsin individual particleswere obtained
when the Csprimary ion beantaused the ionization @tomswithin the particles

Furthermore, ionntensitymapping of individual particles with nanometer resolution
6
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can show the distribution ddifferent ions. °C" represers the organic matter in

individual particles that excludes the contribution frorthe carbon substrate.

Laboratory generatetlaNO; particles on silicon substrat@analyzed by andSIMS
show™N*®0, and?*Na'®0" are thé markers(Fig. S3)
2.4 AFM analysis

Atomic force microscop (AFM) with atapping modenalyzel aerosol particles
underambientconditions. AFM, a digital Nanoscopelllastrument, can detethe
threedimensional morphology of particlefhe AFM settirgs containmaging forces
between 1 and 1.5 nN, scanning rates between 0.5 and Qa@héigcanningrange
sizesat 10 € mwith a resolution of 512 pixels per length. Aftdre AFM analysis,
composition ofthe sameparticleswasconfirmedby TEM, with twelve SSAparticles
analyzedby this methodThe NanoScope analysis softwatan automaticallybtain
bearing area (A) and bearing volume (&)each analyzed particleccording to the

following formula

2
A:f',or2 ,d d q@‘ (1)
3 3 p
3
V:ﬂpr3 _—.L_]- ER ) 3;‘_/ (2)
3 3 8 \!p

Whered is theequivalent circle diameteandD the equivalenvolumediameter.
Additionally, we know the relation betwen d and D is D=0.7487d, as

shown inFig. S2 As a result,equivalent circle diameterd) of individual aerosol

particlesmeasured fronthe iTEM software can béurther converted into equivalent

volumediameter D) based on iils relationship.

3 Results
3.1 Types and size distribution of Arctic aerosol particles

Based ontheir different morphology and compositioaerosol particles were
divided into four major categories: sea sa&tg( 1A-a), Srich (OC-coating) Fig.
1A-b), Ca/MgS/N/ClI (Fig. 1A-c) and mineral Kig. 1A-d). TEM observatios

i ndi cated that SSA wer e mo s thesanbmemadctcn t
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atmosphereFigure 1B shows that the relative abundance of SSA in the samples was
about72% of the totalaerosad. This result isconsistentwith the dominantSSAin
different seasons reportddr the arctic atmodmere (Hara et al., 200&eng et al.,
2010.
3.2 The microscopc characterization and elemens of SSA

Based ortheir morphology and compositipme can further identify three types
of SSA: fresh SSA, partigl agedSSA, and fullyagedSSA.
3.2.1 Fresh SSA

The fresh SSAefer to particles whicthave notexperiencd any atmospheric
chemical modificationafter emission TEM and SEMimages cledy show that
individual freshSSA includethe cubic NaCl corevith MgCl, andCaSQ coating(Fig.
2). Figure 2i shows thatthe NaCl core only contasmiNa and Cl with theirionic
concentration ratio (Na/Cblose tol:1. Thecoating contaisappropriate quantities of
Mg, Ca, S, O and CI, which could kikefined asCaSQ, MgCl,, andother species
(Figs. 2j, k, I). NaClparticlessurrounded byhe Mg-rich and Carich coatings have
beeninferredby SEM and TEM(P&fai et al., 199Murphy et al., 199#Hara et al.,
2003Geng et al., 2010 but thedetailsabout the coatings have not been revealed in
the Arctic atmosphere. In this study, thghiresolution TEMand SEMimages
displayedthe accurate mixing structures of NaCl and other species. Haoentdied
two kinds of fresh SSAone, aNaCl coreencasedy a distinct coating o€aSQ and
Mg-rich (MgCh) materias (e.g.,Figs. 2ad); and another, aNaCl coreencasedy a
mixture of Mgrich and Carich materials(e.g.,Figs. 2ef).
3.2.2 Partially agedSSA

Partialy aged SSA we define as those particles thatperienceatmospheric
chemical modifications otheir surface but retainthe NaCl core.Figures 3af show
that individual partialy aged SSA clearly include NaCl core and coating. The
morphology of the partidly agedSSA differfrom the fresh oneas shown irthe TEM
imagesof Figs 2 and3. Figure3 shows that the core still keeps the crystalline phase
of NaClwith its irregularshapeandthatthe coatings mainlgonsist ofNa, Mg, Ca, K,

O, and S witreither negligible ominor Cl Typical Ckdepletion phenomena suggest
8
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that the SSA likely underweshemical aging in theatmosphergas below:

MgClas oragitHNOs(goragY  MG(NO3)z(aqrtHClig oraq) (R
MgClas oraqi-H2SOxgoragY Mg &P HClg oraq) (R2
NaCls or ap*HNOsgorag¥ N @ dPF HClig oragy (R3)
NaCls or agFH2SOsgoragY  NBOu(ag) + HClig oraq) (R4)

(s,solid; ag aqueousand g gaseous

Similar chemical reactions on SSA have beitectedin both coastal air and
laboratoy experimentgAllen et al., 1996Gard et al., 199&ouyoumdjian and Saliba,
2006Ault et al., 2013n These heterogeneous chemical reactions significantly change
the morphologyandcompositionof SSA.Our results suggest thtte MgCl, coatings
in fresh SSAwere converted intaa more complex coating mixture of MgSQ,,
Mg(NO3),, NaoSOy, andNaNG; in partially aged SSA
3.2.3 Fully aged SSA

In fully aged SSA théNaCl core has beercompletely transformed into NaNO
and NaSO, throughatmospherihieterogeneous chemical reactions with acidic gases.
Figure 4 shows that the fully aged SSKWave completely lost theiNaCl core
suggestingthat the CI in SSAwas completely depleted through heterogeneous
chemical reactions such asreactions(R1)-(R4). The rodlike NaSQ, aggregates
comprising the core were frequently internally mixed with NaNOEM study
indicates that NaaSO, and NaNQ are crystaline and amorphous materials
regectively The fully aged SSA(Fig. 4) on the substratddecome more round
compared with fresh SSAig. 2) and partidly agedSSA Fig. 3).
3.3 The SSA ageing and &ck trajectories of air masss

To summarize three types of SSA, we make oneCN@ triangular diagram.
Figure5 gives general information about Cl depleteimongthe fresh, partially aged,
and fully aged SSA. Three particle types in the triangular diagram display interesting
distribution: the fresh SSA around the NaCl, the partially aged SSA ioetier of
triangula (including partial NaQ| the fully aged SSA around NaN@nd NaSO,
(chloridefull depletion).



© 00 N o o0 B~ w N P

N =
N )

[EEN
N

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Threeday (72h) back trajectories of air massesere generatedising the
HYSPLIT modelatthe Chinese Arctic Yellow River Station during Augus23 2012,

at an altitude of 500 m above the sea level (BjgMost air masses origirain the

Arctic Ocean, anarerestricted to this vast marine region during the sampling periods.

Figure6 shows thattwo grougs of backtrajectoriesexhibit different ageing degree of
SSA: One grouporiginates from central Arctic Oceanand other onefrom North
America and Greenlanéractions of the fresh, partially aged, and fully aged S8A
43.07%, 44.53%, antl2.41%in first groupand18.72%, 47.45%, 33.83% second
group respectively(Fig. 6). As a result,air masses fromNorth America and

Greenlandrought large amounts of aged SSA into the arcticiareammertime
3.4 Size distribution of individual SSA

Figure 7 shows size distributions of the fresh, partially aged, and fully aged SSA.

The peaks of fresh and partially aged
the fully aged ones display a b 7)oGud
results show that the average particle sizes gradually incfearsefresh SSA,
partially aged SSA, to fully aged SSAherefore, dry and wet deposition of aerosol
particles could be changed following the degree of the particles ageing.
4  Discussion
4.1 Sulfate and nitrate formation in individual SSA

TEM observationglassifiedthe SSA into fresh, partil aged, and fullyaged
SSAIn the arctic atmospherdJsing individual particle analysis of the thregpes of
SSA, it is shown that there is anajor change of their internal structure and
composition The STEM furtherdeterminecelemental mappirgpf Na, Mg, Ca, CI, S,
O, C and Nin the three kinds 06§SA Elemental mapping can clearly display the
elemental distribution within each particle, whichindicates the possible
heterogeneous chemical reactiarsther surfacegConny and Norris, 201Ault et
al., 2019). Figure 8 shows thatCl contentdecreasesand S, O, C and N contens
increasefrom partialy aged (particle B) to fully aged SSA (particle C). Na-CI-O
triangular diagram further shows that Cl in SSA has been depiet@® content
increass likely throughadditionalchemical reactions (Fid). Figure 9a show&CI

in the NaCl core and mindfO and®S in the coating in fresh SSA. Figure 9b shows
10
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the absence 6PCI" and the high intensity dfO", **N*°0,, %3S, and®Na’®0 in fully
aged SSA These results are completely consistent with the TEM and STEM
observations in Figures 2, 4, andBased on the mappings 85 (sulfate),**N*°0,
(nitrate), andNa'®0" in Figure 9, he nan&IMS analysisprovide direct evidencef
NaSO, and NaNO; formation in fully aged SSAAs a result,sulfate and nitrate
accumulatedin SSA through atmospheric chemical reaction&.g., reactions
(RD-(R4)) in the arctic areawhich has been observed in polluted layr Laskin et
al.(2012. These mappingesuls from STEM and nar®IMS are consistent withthe
TEM/EDX results shown in Figs2-4 and with investigatorswho found that
individual SSA in the Arctic air contaired certain amounts o$ulfate or nitrate by
SEM/EDX andaerosol timeof-flight mass spectromet (ATOFMS) (Hara et al.,
2003Geng et al., 20%8ierau et al., 20)4However,we found thatndividual aged
particles simutaneously contaed sulfate and nitratesuggestingindividual SSA
undewent hetergereous reactions withdifferent acidic gasesduring aging
processef the artic atmosphereA number of studies found thatlarge fraction of
SSA internally mixed with sulfate and nitrate occurredfrom coastalto background
marineair and from equatorialto high latitudes(Andreae et al., 198Bd&fai et al.,
1994Middlebrook et al., 1998lara et al., 200&eng et al., 201Qi et al., 2011bYao
and Zhang, 20%1Laskin et al., 201 Interestingly we noticedthat fully aged SSA
(Fig. 8C)had a elevated carbon conterguggestinghat organc mattermight occur
in theaged SSAthe detailsin section 4.2 Laskin et al(2012 showed thaSSAcan
react withsecondary organic acidend result information of organic saltén the
pollutedair.

Na mapping showthatNais absenin the coating ofreshSSA(Fig. 8A) but is
presentin minor amountsin the coating ofpartially aged SSA (Fig8B), which is
consistent witithe EDX results as shown Figs. 2-3. In contrast Mg, S, and Qare
absent fronthe coreof fresh SSA (Fig8A) but are present ioertain amountsvithin
the core ofpartially aged SSA (Fig8B). Therefore, we can dedudeat MgCl,
coatings of thefresh SSAfirstly reacted withacidic gaseshroughchemicalreactions

(R1) and (R2) asthe fresh SSAwere transforned into the partidly agedSSA The
11
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presence of MgGlcoating in the fresh SSA is particulgrinteresing because it is
known to readily deliquescat a considerably lowepoint (33% RH at 298 K) than
that of NaCl (75%)(Wise et al., 2000 We conclude, herefore,that this MgCl,
coating consistentlyallowed an aqueoukyer to coat thefresh SSAin the Arctic
atmospherebecause thembientRH (56~94%) exceeded the deliquescence point
Despite the relatively low concentration oMgCl, in SSA, the liquid surface
significantly enhance heterogeneous reactions ratbsough the uptake o#cidic
gases (e.gH>SOJ/SO,, and HNQ/NOy) (Liu et al., 2007. Microscopicobservations
suggest thaMgCl, on fresh SSAlikely initiated and promotedhe heterogeneous
reactions between SSA andhcidic gases.To our knowledge,this is the first
demonstration of thénfluence of minorMgCl; in individual SSA in field studies
although tlis phenomenn has been reported in laboratory experime(dtao et al.,
2006Liu et al., 2007Wise et al., 2009 In addition,MgCl, appears to have greater
importancein individual Arctic SSA than elsewherebecausehe Mg?*/Na" ratio in
SSAincreass following a temperature decreagelara et al., 2012 In the partidly
aged particlesthe new coating containinglgSQ,, Mg(NO3),, and NaNQ (Fig. 3)
likely remainedas asupersaturated liquidoatingon the surface ofthe ambienSSA
in thearctic aregZhao et al., 200&i et al., 2008Woods et al., 2000 Therefore the
Mg-sals in fresh andpartially aged SSA are important surfactars to speed up
particles ageing in the arctic area

In this studywe found an abundance foflly agedSSAin this arctic aregFigs.
4-6). Ault et al.(20133 found that the N3 Mg®* and C&" in individual SSA undergo

a spatial redistribution after heterogeneous reaction with nitric acid in the laboratory.

We noticeda similar phenomenom which Na, Mg, and Canappings inparticle C
were different fronparticles A and B(Fig. 8). Nais enhanced at the surfgddg and
Catend toconcentraten the individual particle centerFigure 8C shows thatarbon
intensitybecomestrongin fully aged SSA similar tothe Grich coatingin Figs. 4c-d.
These resultsuggesthattheagedSSAprobably contaimrganicmatter(the detailsin

section 4.2)In addition,most of thefully aged SSAhavea Na,SO, corecoated with

NaNQ; (with minor Mg(NOg3), and MgSQ) (Fig. 4). Hygroscopic experiments of
12
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individual SSA exhibitthat the surfaceof partially and fully aged SSA have earlier
deliguescence than that of fresh SSA based on their hygroscopic growth on the
substrate. The resultsdicate that the nitrate coatintigely influenceparticle surface
deliguescencéFig. S9. In thelaboratory,the pureNaNG; can take upvaterstarting

at 25%RH and grow continuously witincreasingRH (Lee and Hsu, 20Q0Hu et al.
(2010 also illustrated that NaNglid not exhibit obvious deliquescence phenomenon
in the hygroscopic experimerAs a result, sme partially and fullyagedArctic SSA
had liquid surface in ambient air(56~94% RH) and thatthis liquid amounted to
certain amourst of waterin theseaerosol particlesPark et al.(2014 suppliedthe
evidence of water imrctic particlesthroughthe hygroscopicity and volatility tandem
differential mobility analyzerThe hygroscopic growthof particlescancause 1.6 to
3.7 times more negative aerosol direct radiative eff¢gand et al., 20)3than
particles without it

4.2 Organic matter in agedSSA

Integrated observations of individual SSA through the TEM, STEM, and
nanoSIMSprovided direct evidence of the occurrence of sulfate and nitrate in aged
SSAin the arctic atmospherelLaskin et al.(2012 showed that SSA effectively
reacted withorganic acidsn polluted coastal aiteaving behind particles depleted in
chloride and enriched in the corresponding organic ddliseover, substitution of Cl
in SSA byweak organicacidswas suggesteth the laboratorypy Ma et al.(2013.
However, whether weak organic acids participatethe chloride depletion remasn
uncertainn thecleanarcticair.

NanoSIMStechnologyhas beeradoptedto characterizeorganic matter in SSA
through *?C" and **C*N° mapping (Fig. 9). **C mappingof fresh SSAindicates
extremely small amounts @irganic mattein its coating(Fig. 9a) Tervahattu et al.
(2002 foundthatorganic films on SSAarecommonin freshmarine aerosolbecause
of bursting bubblegrom the spy of the wavesQuinn et al.(2015 also foundthat
fresh SSAare internally mixed with organianatter in the northeastern Atlantic
atmosphereising proton nuclear magnetic resonant€\MR). In comparison with

fresh SSA in Figure 9ahe *°C intensity of the age®SA in Figure 9bwas much
13
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enhancedThe only explanatioms thatmoreorganic mattefrom the atmospheravas
incorporated intdhe agedSSA Similar phenomenan aged SSAave been observed
by laser mass spectrometay Cape Grimandthe amounts of additional sulfate and
organic matter in individual particlesmay be a indication of particle ageing
(Middlebrook et al., 1998 Additionally, with increasing organic matter SSA, their
morphology and crystallization behavior chasi@&ult et al., 2013

Interestingly,"?C’ line scanin aged SSAurther indicates that organicmatteris
mostly restricted taher surface (Fig. 9b). The near edge Xay absorption fine
structure spectroscopy NEXAFS) carbon K-edge spectrum of the organphase
reveals a dominant contribution from carboxylic amdsthe surface dhe aged SSA
(Laskin et al., 201 We further foundbrganic mattemternally mixed with nitrate on
the surface for aged SSAThis finding suppors the resuls from laboratory

experimeng and conforms topredictions ofliquid-liquid phase separatiotheory

(Ault et al., 2013n As a resultwe obtained one conceptual model based on these

above findings summarizing the possible SSA ageing processes imrdhe
atmospher¢Fig. 10).

The nanoSIMSnalyes of the aged SSi the arctic aiishow thattheir surface
layers commonlycontainorganicmatter The organic layemay influencetrace gas
uptake, and subsequently impact trace gadgets of @ and NO; in the arctic
(McNeill et al., 2008. This isthe first demastration of organicoated SSAn clean
arctic air which extend the application ofheterogeneous reactioran aerosol
particles(Fig. 10). Comparisons of fresh and aged SSAFig. 9 suggest that these
organiccoatingdikely took part in the chloride depletion during parts#eging. The
chloride depletionin the SSAinduced by the presence ofganicacidsshould be
incorporatednto the atmospheric chemistry modébs cleanmarine aiy in addition
to the coastal urban regiomsported bylLaskin et al.(2012. Randles et al(2014
reported that NaCl internallyixed with organicmatter carreduce radiative cooling
substantially compared to pure NaCl aerosadlhi@laboratory.In addition, how the
organic layer influences hygroscopic and optical properties of thged SSAIn

realistic atmospheseremains unknownOur measuements make clearthe need to
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understan&SA somplexityin arctic air

In summary, ouresults indicate thaformation of sulfate, nitrateand organic
salts in the SSA can remove trace gases (eogganic acids,H,SO/SO,, and
HNO3/NO,) in the arctic air, which were mostly emitted by various anthropogenic
sources from middle latitudésaw and Stohl, 20QChang et al., 2031 On the one
hand, the results of these heterogeneous reactions could change the CCN or IN
abilities, optical properties, and further dry and wet deposition of 88Athe other
hand, these surface reactions of S®Aald affect the photochemical reactivity the
Arctic air because they releasgaseoushalogen speciegDe Haan et al.,
1999Knipping et al., 200@on Glasow, 2008 hornton et al., 2000
5 Conclusiors

TEM observation indicated that SSA were most abundant from 100 nm to 10
e m thersummer arctic atmosphere, accountingdbout72% of the total aerosol
particles.Three types of SSAfresh SSA, partiallyagedSSA, and fullyagedSSA
were identifiedbased ortheir morpholoy and compositionThe fresh SSA particte
exhbited a singlecore-shell structureContaining only Na and Clhé coreconsisted
of the cubic NaClcrystal withthe coatingof Mg, Ca, S, O and Cidentified asCaSQ
and MgC4. Individual partiallyagedSSA particls consisted othe singleirregulaty
shaped\NaCl corecoaiedwith Na, Mg, Ca, K, N, O, ah§ with or withoutminor C|,
suggestinag singleCl-depletion phenomem in theformation of partially agedSSA
The fully aged SSAack the NaCl core suggestinghatthe Cl in SSAvascompletely
depleted through heterogenea@hemicalreactionsNonethelessmostfully aged SSA
consist ofthe Na;SO, corewith theamorphousNaNG; coating.

STEM further determined thelemental mappirgyof Na, Mg, Ca, Cl, S, O, C,
and N in the three kinds of SS¥/e found thatCl content decreases and S, O, C and
N contents increasalong with particles ageing from partially to fully aged SSA.
NanoSIMS technology has been employed to obtain secondary ion intensity mappings
of 120-’ 160—, 12C14N', 14N1602—’ 325-’ 35CI', and 2Nato . 14N1602— and 2Natto
mapping proved NaNG; formation in fully aged SSATheseresuls showthat sulfate

and nitrate formed in SSA through atmospheric chemical reactions in arctic area. In
15
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addition, MgC} coatingon fresh SSAcaninduce heterogeneous reactions between
SSA andacidic gases becaub&gyCl, is known to readily deliquesce atonsiderably
lower point (33% RH at 298 K) than that of NaCl (75%he partially and fullyaged
SSA were expected to have liquid surfadegSO,, MgNQO;, and NaNQ) in arctic
ambient air (5694% RH); such surfaces contagsubstantial amounts of watao the
coating contents were conducive to accelerate hierogeneouseactiors. °C
mapping of individual fresh SSAbtained by nanoSIM$dicate extremely small
amounts of organimatterin the coating of the partigl@lthough this organic matter
was somewhatenhanced in the aged SSWe also found thabrganic mattewas
mostly limited tothe particle surface

The @mposition of the SSA andheir internal heterogeneity likely have

important effect on their hygroscopic and optical propertiedynamics of phase

separations, and heterogeneous reaction with inorganic and organic acidic gases.

These microscopic observatios for SSA provide insighs into the system of

gasaerosolclimate inthearcticatmosphere
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Figure 1. Morphology and relative abundances of typical individual aerosol particles
in summertime Arctic samples: (A) TEM images of four types of aerosol pas(iBles
relative abundances of different particle size rangée number of the analyzed

particles in different size ranges is shown above each column.
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Figure 2. Morphology and EDX spectra of the typical fresh SSA. (a) One SEM image,

(b)-(h) TEM imagesand (i}(h) EDX spectra of NaCl, Mggl CaSQ, and MgCarich.

The main anionic elements are shown in the square brackets.

25



(© MgNa-rich

(a) (®) CaN a-S[Mg,K] (1)
- CaK]

Mgl\fé- - —
[Ca,S,N*,ClT Ly b 500nm 500nm
(d) MgNa-rich () (i) Na,SOy 6

“ N*,S,CI,K]

Na-rich*
S,N*,Ca,Mg]

()Na g-rich/
e SN ClLCa K

Na,SO; ()] ]() NaMg-rich
[S,N*,CL,Ca,K]

ququququ

0 0 0
0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 0 05 1.0 1.5 2.0 253.0354045 0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45

OSSO RS A0 S A0S Energy(Kev)
Figure 3. TEM images of typical partially aged SSA and EDX spectra of their
coatings. (éb) NaCl partially surrounded by the mixed species, containing Mg, Ca,
Na, S, O, N and minor CI; {@¢) NaCl completely surrounded llge mixed species
with Mg, Ca, Na, S, O, N and minor Cl;-{eThe rodlike NaSQ, particles (minor
Mg, and Ca) associated with NlaQy-j)) The EDX spectra of one selected area in the
internally mixed coating, including Na, Ca, Mg, S, and O with minor Cl and K. N

cannot be directly measured but inferred baseel@mental composition iaerosas.
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Figure 4. TEM images and EDX spectra of the typical fully aged SSA. Major species
are shown in parentheses, amihor elements are in square bracketsb)aThis
Na-rich particle contains mostly Na, O, N, and S. Thelikel aggregates are O,

and the species afo-defined shape are NaNOThe NaNQ@-containing coating is
more sensitive to the strong electron beam than th&®ja(c-d) Narich particles
mainly contain C, N, O, Na, and S. One typical transparent coating with high C and
minor O, Na, S or N, wastable under a strong electron beam, suggesting a possible
organic coating. () The particles mainly contain Na, O, and S. Many smaHlita
NaSO, gather together to form one particle:jJg=EDX spectra of one selected part
within individual SSA marke in TEM imagesN cannot be directly measured but

inferred based oalemental composition in aerosols
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Figure 5. Triangulardiagramof Na-CI-O showing EDX data of elemental
composition of 405 SSA hree sars represent elemental composition of pNa€l,

Na,SOy, and NaNQ, respectively.
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Figure 6. 72-h back trajectories of air masss#s500 m over Arctic Yellow River

Station in Svalbard during-33 August, 2012and arriving time was setting according
to the sampling time. Air masses were divid@d two groups by the yellow line: one
group from central Arctic Ocean and other one from North America and Greenland.
Pie charts showed the number fractions of the fresh, partially aged, and fully aged

SSA.
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