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Abstract. Tethered balloon-borne aerosol measurementgich sea-salt particles coexisted in the lower troposphere dur-
were conducted at Syowa Station, Antarctica, during the 46tling summer. Thereby, Mg separation can proceed by sea-salt
Japanese Antarctic expedition (2005—-2006). Direct aerosolractionation during summer in Antarctic regions.

sampling was operated from near the surface to the lower free
troposphere (approximately 2500 m) using a balloon-borne

aerosol impactor. Individual aerosol particles were analyzed

using a scanning electron microscope equipped with an enl  Introduction

ergy dispersive X-ray spectrometer. Seasonal and vertical

features of aerosol constituents and their mixing states werétmospheric aerosol measurements have been made in
investigated. Results show that sulfate particles were preAntarctic regions for several decades from numerous per-
dominant in the boundary layer and lower free troposphere irSPectives such as atmospheric material cycles, monitoring
summer, whereas sea-salt particles were predominant durin@f Earth background levels, radiation budgets, and ice core
winter through spring. Minerals, MgSQand sulfate con- record interpretation (e.g., Shaw, 1988; Ito, 1989, Legrand
taining K were identified as minor aerosol constituents in@nd Mayewski, 1997; Bromwich et al., 2012). Because of re-
both boundary |ayer and free troposphere over Syowa StaStl’iCtiOﬂS on |OgiStiCS under severe conditions, most investi-
tion. Although sea-salt particles were predominant duringgations of aerosol constituents were conducted at coastal sta-
winter through spring, the relative abundance of sulfate pardions such as Syowa Station, Neumayer Station, Halley Sta-
ticles increased in the boundary layer when air masses feffion, Dumont d’Urville Station, Mawson Station, and Aboa
from the free troposphere over the Antarctic coast and conStation (e.g., Savoie et al., 1992, 1993; Téiret al., 2000;
tinent. Sea-salt particles were modified considerably through-€grand et al., 2001; Hara et al., 2004; Weller et al., 2011).
heterogeneous reactions with ?tIIHssoaT and their pre- Recently, aerosol measurements have been taken even at in-
cursors during summer, and were modified slightly through'a”d stations.such as Amunds_en—Scott (South Eole) Station,
heterogeneous reactions with j@nd its precursors. Dur- Dome F Station, Kohnen Station, and Concordia (Dome C)
ing winter through spring, sea-salt modification was insignif- Station (e.g., Bodhaine, 1995; Hara et al., 2004; Jourdain et
icant, particularly in the cases of high relative abundance ofél-» 2008; Weller and Wagenbach, 2007; Udisti et al., 2012).
sea-salt particles and higher number concentrations. In Au- Major aerosol constituents are $0 CH;SQ5, NO;, sea

gust, NQ and its precursors contributed greatly to sea-saltSalts(e.g., N& and CI') in the Antarctic troposphere. Minor
modification over Syowa Station. Because of the occurrenceélerosol constituents are minerals and carbonaceous species
of sea-salt fractionation on sea ice, Mg-rich sea-salt particle§S00t and organics). Particularly, $0and CHSQ; are

were identified during the months of April through Novem- Strongly predominan during summer (e.g., Minikin et al.,

ber. In contrast, Mg-free sea-salt particles and slightly Mg-1998; Legrand et al., 2001). Size segregated aerosol analysis
showed that S§T and CHSQ; were distributed mainly in
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the sub-micrometer range at the Antarctic coasts (e.g., Jour- Regarded transport processes and material cycles, mea-
dain and Legrand, 2001; Read et al., 2008). Although thesurements of aerosol constituents such as black carbon
concentrations of Sﬁj and CHSQ; reached maximumval-  and radionuclides have been conducted in Antarctic regions
ues in summer because of biogenic activity in the ocean (e.g(Fiebig et al., 2009; Hara et al., 2010a; &dser et al., 2011).
Minikin et al., 1998), high amounts of ﬁo and CHSQ; Continuous aerosol measurements at coastal stations suggest
were found during winter through spring at coastal stationsthe substantial transport of combustion-origin aerosol parti-
(Minikin et al., 1998; Jourdain and Legrand, 2001; Preunkertcles from biomass burning in South America and southern
et al., 2008; Read et al., 2008). In contrast to strong sumAfrica (Fiebig et al., 2009; Hara et al., 2010a, b). Our pre-
mer maxima of S@T and CHSQ; in aerosols (Minikin  vious investigation (Hara et al., 2010a) revealed that long-
et al., 1998; Jourdain and Legrand, 2001; Preunkert et al.range transport from biomass burning and mixing of sea-
2008; Read et al., 2008), the high concentrations of DMS andsalt particles cause aerosol-enhanced (haze) conditions at
DMSO remained in winter at coastal and continental stationsSyowa Station. The variety of radionuclidé®¢, 1°Be and
because of their longer lifetimes attributable to weak pho-219Pb) implied meridional transport to Antarctic coasts and
tochemical processes during winter (Jourdain and Legrandmixing of stratospheric air into the troposphere &Siser et
2001; Preunkert et al., 2008; Read et al., 2008). Particulariyal., 2011). Previous investigations have provided important
high concentrations of DMS and DMSO found at inland sta- knowledge about aerosol chemical properties near the sur-
tions during winter implied considerable poleward transportface, such as concentrations, seasonal variations, and size
to the interior of the continent. distributions. Because of the dearth of knowledge of aerosol

Sea salts are predominant during winter through springchemistry in the upper atmosphere, aerosol chemical prop-
(e.g., Hara et al., 2004). Sea-salt particles were distributeerties and chemical processes have been discussed mainly
widely in ultrafine—coarse modes throughout the year atbased on results obtained from aerosol measurements near
Syowa Station (Hara et al., 2010a, 2011a) and were disthe surface. Recent ground-based aerosol measurements have
tributed in fine—coarse modes during summer at Aboa Statiomevealed atmospheric processes that take place in the upper
(Kerminen et al., 2000; Teirél et al., 2000). Sea-salt parti- atmosphere: (1) accumulation of DMS and DMSO in the free
cles can play important roles as scavengers of acidic speciesoposphere and buffer layer (Legrand et al., 2001; Preunkert
and as the origin of reactive halogen species through hetercet al., 2008); (2) aerosol transport into inland areas through
geneous reactions in the Antarctic troposphere (e.g., Hara géhe free troposphere (Piel et al., 2006); (3) high abundance
al., 2004). Single particle analysis using an electron micro-of volatile particles (e.g., sulfate particles) in the free tropo-
scope equipped with an energy dispersive X-ray spectromsphere during winter (Hara et al., 2011a); and (4) the likeli-
eter suggested that sea-salt particles near the surface weh®od of new particle formation (Koponen et al., 2003). Con-
modified with SCi* and CHSQ; during summer, and were  sequently, in situ aerosol measurements in the upper atmo-
modified with NG in August at Syowa Station (Mouri et sphere are necessary for a better understanding of aerosol and
al., 1999; Hara et al., 2005). Results obtained using othepther atmospheric processes in the Antarctic regions. Partic-
microprobe techniques such as laser microprobe mass speglarly direct aerosol sampling must be made in the bound-
trometry have implied that Sij and CHSQ; were mixed — ary layer and free troposphere to elucidate atmospheric ma-
internally with sea-salt particles (Wouters et al., 1990; Haraterial cycles and atmospheric chemistry in the Antarctic tro-
et al., 1995). Furthermore, sea-salt particles in the free troposphere.
posphere over Syowa Station were modified not only with Although airplanes, launched balloons and tethered bal-
sof; but also with NG during summer (Hara et al., 2006). loons have been used to measure aerosols from the boundary
In addition to sea-salt modification, sea-salt particles werdayer to the free troposphere in Antarctic regions (Iwasaka
fractionated through precipitation of several salts such ast al., 1985; Ito et al., 1986; Yamazaki et al., 1989; Ya-
mirabilite (Ng&SQO4 10H,0) and hydrohalite (NaCl 240) manouchi et al., 1999; Hayashi, 2001; Wada et al., 2001;
in sea ice formation under colder conditions (e.g., Wagen-Rankin and Wolff, 2002; Hara et al., 2006, 2011b; Osada
bach et al., 1998; Hara et al., 2004, 2012). Concomitantlyet al., 2006; Kizu et al., 2010), direct aerosol sampling in
with the expansion of sea ice regions during winter throughthe upper atmosphere has been conducted only for those
spring, the contributions of sea-salt particles derived fromaerosol measurements reported by Iwasaka et al. (1985), Ya-
sea ice and frost flowers increased significantly (e.g., Wagenmazaki et al. (1989), Rankin and Wolff (2002), and Hara
bach et al., 1998:; Rankin et al., 2000, 2002; Hara et al., 2004¢t al. (2006). These previous studies have revealed major
2012). Fractionated sea-salt particles in coastal regions origaerosol constituents in the boundary layer and free tropo-
inate from sea ice and frost flowers (Wagenbach et al., 1998sphere and the likelihood of transport of sea-salt and min-
Rankin et al., 2000, 2002; Hara et al., 2004, 2012). There-€ral particles through the free troposphere. Tethered balloon-
fore, sea-salt particles have been used as tracers (Hara et at9rne and airplane-borne aerosol measurements (Osada et
2010a, 2011a) and as an index of sea ice extent (e.g., Wolfél., 2006; Hara et al., 2011b) have shown high concentra-
et al., 2006). tions of condensation nuclei (CN)p> 10 nm) by new par-

ticle formation in the lower free troposphere over Syowa
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Station. Because of operational limitations, seasonal features 3000
of vertical distributions of aerosol constituents in the upper
atmosphere have not been understood. In this study, teth. 2500 -
ered balloon-borne aerosol measurements were performed t
elucidate the vertical and seasonal features of aerosol con o 2000 -
stituents and their mixing states in the Antarctic troposphere.

tude, m

Herein, we mainly discuss (1) seasonal and vertical distri- 3 1500

butions of aerosol constituents, (2) sea-salt chemistry, andZ

(3) vertical structures of Antarctic haze. 1000 1
500

2 Aerosol sampling and analysis

o+4—+— N 000000000000

) , 14:00:00  15:00:00  16:00:00  17:00:00
Tethered balloon operations were conducted at the C-heliport

of Syowa Station, Antarctica (600 S, 3935 E) on East
Ongul Island, which is located initzow-Holm Bay and  Fig. 1. Typical balloon trajectory (14 March 2005).
which lies ca. 4km from the Prince Olav Coast of Antarc-
tica. The distance from Syowa Station to the sea ice mar-
gin was approximately 100 km during summer and 1000 kmflow rate of 1.2 L mirr. During the second flight, aerosol
from winter through spring. The C-heliport (ca. 15 m above samples taken at 3-5 levels (depending on the highest alti-
sea level) is located at the windward side of prevailing windstude of the first flight) were chosen based on vertical pro-
and ca. 600m from the main area, with its diesel powerfiles of air temperature and relative humidity. The altitude
station. For safe operation, tethered-balloon-borne aerosolas maintained during aerosol sampling. Each aerosol sam-
measurements were made under conditions with weaker supling required 10-15min, as shown in Fig. 1. The aerosol
face winds (mean<5ms1). In the case of strong winds impactor was controlled manually by radio commands from
(>12mst) in the upper atmosphere, the balloon stoppedthe ground. Aerosol particles were collected on the carbon-
ascending and then descended to avoid breakage of the tethemated collodion thin film supported by Ni-TEM grid. Unfor-
line and balloon. When thick clouds appeared at observiunately, aerosol samples were not taken on 6 and 15 January,
able altitudes over Syowa Station, the measurements stoppem 1 August because of mechanical trouble that occurred with
around the cloud base. In the case of thin clouds, aerosdhe impactor and the tethered balloon system.
measurements were continued above the clouds. Aerosol After aerosol measurements and sampling, aerosol sam-
measurements and sampling were operated in the afternoguies were kept in polyethylene capsules. To avoid contamina-
(LT) January—April and September—-December and 10:45-tion, aerosol samples were handled under clean air flow of a
15:30LT from May through August because safe operationclean bench. The polyethylene capsules with aerosol samples
required visible identification of the tethered balloon underwere packed into polyethylene bags, each of which had a zip-
light and dusk conditions. per. All bags with aerosol samples were put into an airtight
A tethered balloon system (Vaisala) was used to obtainbox together with a desiccant (Nisso-Dry M; Nisso Jushi Co.
aerosol measurements in order to ascertain vertical featurdstd.) until analysis to prevent humidification that can engen-
of aerosol number concentrations and aerosol constituents ider morphology change and efficient chemical reactions. We
the lower troposphere. Details of instruments for the teth-used scanning electron microscopy — energy dispersive X-
ered balloon-borne aerosol measurements are described bgy spectrometry (SEM—EDX, Quanta FEG-200F; FEI Co.,
Hara et al. (2011b). Figure 1 depicts an example of the baland XL30; EDAX Inc.) for elemental analyses of single
loon trajectory during aerosol measurements. Measuremenigarticles. To avoid analytical bias of localization of aerosol
using a condensation particle counter (CPC), an optical particonstituents in each particle, the rectangular or square area
cle counter (OPC), and aerosol sampling were conducted inalmost covering a particle was scanned using an electron
dependently because of payload limitations. During the firstboeam in EDX analysis. Procedures and conditions of single-
flight, the aerosol number concentration and meteorologi-particle analysis were in accordance with those described
cal parameters were measured using CPC, OPC, and tethdsy Hara et al. (2002, 2005). Generally, the detection limit
sonde. Second, direct aerosol sampling was conducted usimgf EDX analysis is 0.1-1 %, depending on analytical condi-
an aerosol impactor and tethersonde. tions, elemental compositions, and particle morphology. We
A two-stage aerosol impactor developed by Okada etanalyzed artificial particles (such as NaCl,JS&; and their
al. (1997) was customized by removal of the timer systemmixtures) with the size range of 0.2—6 um to verify their an-
and by addition of a radio-control system for the tetheredalytical quality. In our analytical conditions (e.g., counting
balloon-borne aerosol sampling conducted for this study. The¢ime of 30s), relative error from counting statics was a few
cut-off diameter of the impactor was 0.2 um and 2.0 um at apercent, even in sub-micrometer particles for all elements

Local time
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Fig. 2. Vertical profiles of potential temperature and relative humidity during the second flight. Red and blue lines respectively show potential
temperature and relative humidity. Dashed lines represent altitudes of aerosol sampling. Single and double asterisk marks respectively shov
“sampling failed by trouble with radio communication” and “sample disabled by damage to thin film”.

heavier than Na. Analytical deviation in elements heaviersurface inversion layer, boundary layer, and free troposphere.
than Na was estimated &s several percent in the range of Unfortunately, few aerosol samples were taken at the highest
sub-micrometer—super-micrometer in this study. The devia-altitudes & 1400 m) during May through August because of
tion tended to be smaller for larger particles. These valuegsadio communication trouble.
were closely coincident with results reported by Laskin and
Cowin (2001). We analyzed 37533 particles in fine mode3.2 Backward trajectory from the sampling altitudes
(Dp: 0.2-2.0pm) and 2095 particles in coarse mofg (
>2.0um) in this study. Because of the lower number den-Figyre 3 depicts examples of 5-day backward trajectory from
sity, none to several particles were analyzed in some samplege altitudes of aerosol sampling over Syowa Station. The
in coarse mode. trajectory was computed using vertical motion mode in the
NOAA-HYSPLIT model with the “NCEP reanalysis” dataset
(Draxler and Rolph, 2013). The air mass history in this study
3 Results and discussion was classified into four types, as shown in Fig. 3. On 26 Jan-
uary (Fig. 3a), air masses were transported westward along
3.1 Meteorological conditions during aerosol sampling  the coastline. According to Suzuki et al. (2004), this pathway
was dominant at Syowa Station during summer. On 5 March
Figure 2 depicts vertical profiles of potential temperature (Fig. 3b), air masses in the boundary layer came from the free
and relative humidity in the direct sampling flight. A sur- troposphere over the interior of the continent. Furthermore,
face inversion layer was identified in many cases (particu-air masses were transported downward along the continen-
larly winter—spring). The surface inversion layer height wastal surface. This transport path might have resulted from ef-
<100 to ca. 350 m. The altitude of the boundary layer topfects of katabatic wind. In contrast, air masses in the free tro-
was approximately 500-1200 m, as inferred from compari-posphere came eastward from the free troposphere over the
son of vertical features of potential temperature, relative hu-coast and Southern Ocean. On 28 May (Fig. 3c), air masses
midity, and aerosol number density (Hara et al., 2011a). Asin the boundary layer and free troposphere were transported
shown in Fig. 2, direct aerosol sampling was conducted in thdrom the Southern Ocean. In addition, air parcels were lifted

Atmos. Chem. Phys., 13, 9119139 2013 www.atmos-chem-phys.net/13/9119/2013/
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Altitude, m

Altitude, m

Altitude, m

Fig. 3. Typical 5-day backward trajectorie@) on 26 January) 5 March,(c) 28 May, andd) 16 June. Dashed lines in right panels show

the Syowa Station latitude.

from the boundary layer to the free troposphere. This flowrior of the continent, similar to the case on 5 March, whereas
pattern was associated with the approach of a cyclone, aair masses in the free troposphere came from the Southern
explained by Hara et al. (2010a). On 16 June (Fig. 3d), airOcean. This transport pathway was consistent with verti-
masses in the boundary layer were transported from the intecal features of potential temperature and relative humidity
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Fig. 4. Typical SEM images of aerosol particles collecig) at
1245m on 11 Decembe(h) at 498 m on 22 July, angt) at 145m
on 16 June.
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(Fig. 2). All backward trajectories are presented in the Sup-
plement.

3.3 Aerosol constituents collected in the lower
troposphere over Syowa Station

Figure 4 presents examples of SEM images of aerosol par-
ticles collected in the tethered-balloon-borne aerosol sam-
pling. Most aerosol particles exhibited the satellite structure
shown in Fig. 4a. This unique morphology was observed pre-
dominantly in the Antarctic troposphere (Yamato et al., 1987;
Hara et al., 2006). Several particles have no satellite structure
in Fig. 4a. In contrast to the predominance of satellite par-
ticles in summer, aerosol particles with solid materials and
without a satellite structure were predominant during winter
through spring, as shown in Fig. 4b. Although aerosol par-
ticle without a satellite structure were usually predominant
during winter through spring in this study, the number den-
sity of aerosol particles with a satellite structure increased oc-
casionally in the lower boundary layer during winter through
spring, as shown in Fig. 4c.

Figure 5 depicts examples of EDX spectra of aerosol par-
ticles collected over Syowa Station. In this study, carbon-
coated collodion thin film on the Ni-grid was used as the
sample substrate, so that strong background peaks of C, O,
and Ni were obtained in EDX analysis. These elements were
excluded from discussion. In addition, the strong carbon peak
hampers identification and determination of N in EDX anal-
ysis. In Fig. 5a, Na, Mg, S, Cl, K, and Ca were detected from
aerosol particle. Because the atomic ratio of these elements
was close to the atomic ratio in seawater, this particle might
be identified as sea-salt particles with less sea-salt modifi-
cation. Although aerosol particle in Fig. 5b had similar con-
stituents to particles in Fig. 5a, the relative peak height of Mg
to Na was higher than that in seawater and sea-salt particle in
Fig. 5a. These particles might be identified as Mg-enriched
sea-salt particles. Mg-enrichment in sea-salt particles was
observed in winter through spring at Syowa Station, Antarc-
tica (Hara et al., 2005, 2010a). In contrast, Mg-poor sea-salt
particles were also observed in this study (not shown). De-
tails of sea-salt fractionation are discussed later (Sects. 3-7).
Major elements of aerosol particle in Fig. 5¢ were Na and
S. CI” in sea-salt particles can be depleted through hetero-
geneous reactions with acidic species during summer, as ex-
plained by Mouri et al. (1999) and Hara et al. (2005). There-
fore, the particle in Fig. 5¢ are identifiable as wholly=Cl
depleted sea-salt particles modified by acidic sulfur species
such as SﬁT and CHSQ; . Hereinafter, we designate par-
ticles of this type as “modified sea-salt particles”. Aerosol
particle in Fig. 5d contained Na, CI, and K. Unlike sea-salt
and modified sea-salt particles in Fig. 5a—c, the atomic ra-
tios of Cl and K were higher than the seawater ratio. A K-Cl
rich particle was obtained only once in an aerosol sample in
coarse mode collected at 615 m on 10 May 2005.

www.atmos-chem-phys.net/13/9119/2013/
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Fig. 5. Typical EDX spectra of aerosol particles collected over Syowa Station. Asterisks denote background peaks from the sample substrate.
Aerosol particles were sampléd) at 100 m on 10 April in fine modép) at 200 m on 22 July in coarse mode) at 310 m on 5 December

in fine mode(d) at 600 m on 10 May in coarse mode) at 910 m on 12 February in fine modg), at 850 m on 4 September in fine mode,

(g) at 310 m on 11 December in fine modk) at 1100 m on 15 October in coarse mogkat 150 m on 16 June in coarse mode, §hct

50 m on 23 April in coarse mode.

Aerosol particle in Fig. 5e consist of S. In addition, aerosol combustion sources such as biomass burning. Indeed, aerosol
particles containing only S (as shown in Fig. 5e) had a satelparticles from biomass burning in South America and south-
lite structure on the substrates. These particles might be sukern Africa can be transported to coastal Antarctica (Fiebig et
fate particles. According to previous works using chemicalal., 2009; Hara et al., 2010a). Consequently, aerosol particle
tests (Yamato et al., 1987) and laser microprobe techniquedepicted in Fig. 5f might be particles of combustion origin.
(Hara et al., 1995), sulfate particles in the Antarctic tropo- As shown in Fig. 5g, Mg and S were detected using EDX
sphere were composed predominantly ¢fSy, and were  analysis. Atomic ratios of Mg and S were 52% and 48 %,
mixed internally with CHSQ;. Consequently, major com- respectively, in Fig. 5g; the particle might be composed pre-
ponents of the particle in Fig. 5e might be acidic sulfates re-dominantly of MgSQ. Mg and CI were detected from the
lated to ocean bioactivity. Because EDX can provide onlyaerosol particle in Fig. 5h. These particles were observed
elemental information, mixing states of $Oand CHSGOy once in fine mode on 30 September. From the atomic ratio
were not identified in this study. Hereinafter, we designateof Mg and CI, the particles were inferred as MgCThe
particles of this type as “sulfate particles”. Aerosol particle in aerosol particle in Fig. 5i contained Al, Si, S, K, Ca, Mn,
Fig. 5f contained S and K. These particles might be sulfatesand Fe. Because staining of aqueous solution was observed
containing K. In contrast to “sulfate particles”, sulfate par- clearly around the solid particles in SEM image, these parti-
ticles containing K showed no satellite structure. Although cles might be mineral particles coated by sulfates. In Fig. 5j,
sulfate particles in the Antarctic troposphere were derivedNa, Mg, S, Cl, and Ca were detected in EDX analysis. These
predominantly from bioactivity in the ocean during summer particles might be an internal mixture of sea salt (or Mg-
(e.g., Minikin et al., 1998), sulfate containing K cannot be enriched sea salt) and CagO
released from oceanic bioactivity and cannot be formed by Modified sea-salt particles, Mg-rich sea-salt particles,
new particle formation and gas-to-particle conversion fromMg-poor sea-salt particles, Mg-rich sulfates, and MgCl
aerosol precursors. Okada et al. (2001, 2008) reported thatere identified in this study. We first attempt to discuss
sulfates containing K are present even in the free tropospherthe likelihood that these particles were derived from post-
in the Southern Hemisphere and that they were released frormampling modification/fractionation processes or not. If the
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post-sampling processes proceed, then plausible processesneral particles). For quantitative discussion, the relative
are (1) phase transformation under storage (until analysis)abundance was estimated from the results of EDX analyses,
(2) particle separation under lower relative humidity and as shown in Fig. 6.
high-vacuum conditions, and (3) particle separation by elec-
tron beam radiation. Aerosol samples were kept under con3.4.1 Sea-salt particles
ditions with airtight and relative humidity lower than 5-10 %
until analysis. Because of airtight and dry conditions, sea-saltn coarse mode, sea-salt particles were predominant in the
modification proceeds only slightly during sample storage.lower troposphere throughout the year. Modified sea-salt par-
Additionally, dry conditions did not lead to a phase trans- ticles in coarse mode were observed mainly during summer.
formation, so that aerosol separation and fractionation canAdditionally, Cl-depletion from sea-salt particles containing
not occur. In SEM-EDX analysis, aerosol particles were ex-Cl proceeded partly during summer (details are presented in
posed to high-vacuum conditions (ultimately dry condition). Sects. 3.6). Compared to sea-salt particles in coarse mode,
Particle separation, however, occurs only slightly, althoughthe relative abundance of sea-salt particles and modified sea-
dry conditions can engender deliquescence and localizatiosalt particles in fine mode was 2-12.5% in the bound-
of aerosol constituents in each particle. Particle separation byry layer from summer through autumn (January—mid-March
electron beam radiation was not observed in SEM-EDX anal-and November—December). In the lower free troposphere
ysis. In addition, these particles have stains or satellite strucduring summer, sea-salt particles or modified sea-salt par-
tures around the particles, as shown in Fig. 4. These structicles in fine mode were occasionally not observed in some
tures might be formed by impaction on sample substratesamples. Moreover, the modified sea-salt particles were pre-
during aerosol sampling. In this study, aerosol particles weredominant in fine mode in January through mid-March and
almost covered with analytical spots to prevent analytical ar-November—December.
tifacts by localization of aerosol constituents in each particle. During winter through spring, sea-salt particles were
Furthermore, the analytical depth in our analytical condition strongly predominant in coarse mode in both the boundary
was sufficiently large to detect characteristic X-rays from in- layer and lower free troposphere. The relative abundance of
side the aerosol particles on substrates. Therefore, analyticalea-salt particles increased gradually in fine mode from mid-
bias might not be important for this study. We concluded thatMarch, and the relative abundance of the modified sea-salt
modified sea-salt particles, Mg-rich sea-salt particles, Mg-particles decreased. Sea-salt particles (containing Cl) were
free sea-salt particles, Mg-rich sulfates, and Mg@gére not  the most abundant aerosol constituents during winter (abun-
derived from post-sampling modification/fractionation pro- dance, ca. 90 %) in the boundary layer and lower free tro-
cesses and analytical bias. They were present in the ambieposphere, although low abundance of sea-salt particles was
atmosphere. occasionally observed in winter (e.g., 19 May, 16 June, and
Single particle analysis of aerosol particles collected in the28 June), as shown in Fig. 4c. Earlier near-surface investi-
Arctic troposphere revealed that major aerosol constituents igations at Syowa Station (Hara et al., 2004, 2010a, 2011a)
spring and summer were sulfates and that minor constituentand at Neumayer Station (Weller et al., 2011) revealed a pre-
were sea salts, soot, and minerals (Ishizaka et al., 1989; Hardominance of sea-salt particles and high abundance of non-
et al., 2003, 2010c; Warneke et al., 2010). Compared to theolatile particles (probably sea-salt particles) during winter
Antarctic atmosphere, higher relative abundance of soot anthrough spring. Sea-salt particles were predominant in the
soot-bearing particles was obtained in the Arctic tropospherdree troposphere during winter on 28 May and 28 July. Sea-
(e.g., Hara et al., 2003, 2010c). Because SEM-EDX analysisalt particles might be lifted up to the free troposphere under
was unable to observe internal mixing states of soot, internastorm conditions by frequent cyclone approaches during win-
mixing states of soot were not identified in this study. Re-ter through spring. Because of occasional failure of aerosol
garding our analyzed and observed aerosol samples, externshmpling at the highest altitudes (free troposphere), however,
mixtures of soot particles were not obtained in this study.vertical features of the sea-salt particles in the free tropo-
Lower relative abundance of soot particles in the Antarcticsphere during winter were uncertain.
troposphere suggests strongly that anthropogenic and com-
bustion processes make no important contribution to aerosd.4.2 Aerosol particles containing sulfates
particles in the Antarctic troposphere.
High abundance of sulfate particles in coarse mode was ob-
3.4 \Vertical and seasonal features of aerosol served in the boundary layer and lower free troposphere dur-
constituents over Syowa Station ing summer through autumn. Particularly, sulfate particles in
coarse mode were predominant in the lower free troposphere
Aerosol particles of several types were identified in this during summer (26 January, 16 February, 5 March, 5 Decem-
study, as shown in Fig. 5. The following sections presentber, and 11 December). The relative abundance of sulfate par-
seasonal features and vertical features of aerosol constituentgles in fine mode mostly exceeded 90 % in both the bound-
(sea-salt particles, aerosol particles containing sulfates, andry layer and free troposphere during summer. The sulfate
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Fig. 6. Typical vertical features of relative abundance of aerosol constituents in coarse and fine modes in the lower troposphere. Upper and
lower panels respectively show vertical features in coarse patrticles and fine particles. All plots are listed in the Supplement.

particle predominance persisted until the end of March, wherin this study. Relative abundance of K-rich sulfate particles
the relative abundance of sea-salt particles and modified sean fine mode ranged from “not-detected” to 2.4% 1% in
salt particles increased. Thereafter, the abundance of sulfatmost cases). With the exception of January—February, sea-
particles increased again in October, and reach88 % by  sons with identification of K-rich sulfate particles corre-
the end of November in both the boundary layer and free tro-sponded well to seasons with high abundance of plume out-
posphere. Considering that the CN enhanced layer was olflow from South America and southern Africa (Hara et al.,
served often during summer (Hara et al., 2011b), condens2010a). Consequently, K-rich sulfate particles over Syowa
able vapors such as gaseousS@y and CHSOs;H might  Station might be supplied by long-range transport from com-
be enhanced in the free troposphere. Indeed, DMS oxidatiotustion processes in middle and lower latitudes such as South
and accumulation in the free troposphere and buffer layeirAmerica and southern Africa. In spite of low abundance of
were reported by Legrand et al. (2001) and by Preunkert eplume outflow, K-rich sulfate particles were identified even
al. (2008). The concentrations of aerosol precursors mightn January and February in this study. Backward trajectory
increase to enable new particle formation in the free tropo-(see the Supplement) showed that air masses containing K-
sphere, with subsequent particle growth through condensarich sulfate particles in January and December came from the
tion of the condensable vapors and coagulation during transfree troposphere over the Antarctic continent without signif-
port. icant combustion sources. Previous model studies (Koch and
Although sea-salt particles and modified sea-salt particlesHansen, 2005; Stohl and Sodemann, 2010) elucidated trans-
were usually predominant during winter, higher abundanceport from low latitudes and middle latitudes to Antarctic re-
of sulfate particles (approximately 80 %; some examples argions through the upper free troposphere. Considering the
19 May, and 16 and 28 June, 2005) in the boundary layer durhigh BC concentration at the South Pole in summer (Bod-
ing winter. Particularly high abundance of sulfate particles inhaine, 1995), we must discuss the likelihood of transport
winter was obtained in the surface inversion layer and lowerof combustion-origin aerosols through the upper troposphere
boundary layer. Details of higher relative abundance of sul-during the summer season.
fate particles during winter through spring are discussed later Mg-rich sulfate (MgSQ) particles were distributed only
in Sect. 3.5.2. in fine mode in this study. Relative abundance of Mg-
K-rich sulfate particles were distributed mostly in fine rich sulfate particles ranged from “not detected” to 1.9 %.
mode, except in March through May, July, and October, andMg-rich sulfate particles were identified in samples ob-
were identified in the boundary layer and free troposphergained during January through mid-May, 4 September and
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October-December, so that variations of Mg-rich sulfatesated with the air mass history. In this section, we specifically
might have strong seasonality along the Antarctic coasts. Irexamine the relation between air mass history and a predom-
addition, Mg-rich sulfate particles were observed predomi-inance of sea-salt particles and sulfate particles in the lower
nantly in samples taken in the boundary layer. Analysis oftroposphere during the winter through spring seasons.
backward trajectories (see the Supplement) showed that air

masses containing Mg-rich sulfate particles were transported.5.1 Predominance of sea-salt particles in the lower

over the Antarctic continent and coastal areas in most cases. troposphere

A similar transport pathway, however, was observed in air ] )

masses without Mg-rich sulfates during winter, which im- _ngh relative abundance of gea-sglt particles was.observed
plies that the presence of Mg-rich sulfate particles might bell the lower troposphere during winter through spring, par-
associated not only with the transport pathway but also withticularly on 28 May, 22 July, and 4 September, when the
seasonal features of the origin of Mg-rich sulfates. To ouraerosol number concentrations were enhanced in the bound-
knowledge, no report in the literature describes identification2y 1ayer and lower troposphere (Hara et al., 2011b). For
of Mg-rich sulfate particles in aerosol particles in the Antarc- INStance, air parcels at sampling altitudes on 28 May came
tic troposphere, although MgS@icroparticles and Mg-rich  1om the boundary layer{ 500 m) at 51-60S (as shown in

particles were obtained in ice cores and surface snow takefi9- 3€), which is over the ocean in a sea ice area. This pole-
in the Antarctic plateau (Ohno et al., 2005; lizuka et al., Ward pathway was associated with the approach of a cyclone,

2006, 2012). Therefore, Mg-rich sulfate particles might not Which passed north of Syowa Station before the tethered

originate from sea-salt fractionation on sea ice during winterP@/loon observation on 28 May 2005. With poleward flow

through spring but from other sources during summer. De-2nd vertical mixing, sea-salt particles might be distributed

tails of sea-salt fractionation and origins of Mg-rich particles in the lower free troposphere in the case of 28 May. Fur-
are discussed in Sects. 3.7. thermore, remarkable aerosol enhancement (Antarctic haze)

was observed near the surface at Syowa Station 24—27 May
2005 (Hara et al., 2010a). Although the aerosol number con-
centrations ofDp> 0.3 um were approximately 5000t in

Mineral particles in coarse and fine modes were identified inthe boundary layer on 28 May, the number concentrations

the boundary layer and lower free troposphere throughout th&eached 202581 at 1300m (Hara et al., 2011b). Conse-

year. The relative abundance of aerosol particles containingUuently, the aerosol-enhanced condition (Antarctic haze) per-
minerals ranged from not-detected to approximately 50 % in>Sted in the lower free troposphere on 28 May. Aerosol en-
coarse mode, and from not-detected to approximately 4 % ijrancement by vertical mixing was obtained over Syowa Sta-

fine mode. A dry soil surface appeared partly in the Ongult'on immediately after the cyclone’s passing (Yamanouchi et

Islands from the end of December to early February. There-‘"‘l" 1999). Similar to the Antarctic haze condition near the
2010a), sea-salt particles were major

fore, mineral particles in the boundary layer might be af- Surface (Hara et al., \
fected by local emissions in addition to long-range transport.constituents in the aerosol enhanced layer in the case of 28
Local emission of mineral particles, however, can be negligi-M1&Y: @s depicted in Fig. 6. , _

ble from the end of February to early December because the Similar to the cases on 28 May, high relative abundance
soil surface is covered with snow. According to WagenbachOf Sea-salt particles and high aerosol number concentra-
(1996) and Weller et al. (2008), seasonal variations of min-ions were observed in the boundary layer on 22 July and
eral particles showed maximum values in the summer sea? September. Air masses were transported from the bound-
son at Neumayer Station. Previous investigations reveale@'y layer over sea ice and over the Southern Ocean (see the
that the cyclonic system engenders long-range transport opuPPlement). Similar to the case on 28 May, strong winds
mineral particles to the Antarctic coasts (Pereira et al., 2004Vere observed at Syowa Station by the cyclone approach be-

Hara et al., 2010a; Li et al., 2010). Considering the presencéore aerosol enhanced conditions and sea-salt particle pre-
of mineral particles in the boundary layer and the free tro-dominance. Therefore, strong wind conditions attributable to

posphere found in this study and in previous investigationsNe cyclone approach might engender a significant release of
(Pereira et al., 2004: Hara et al., 2006, 2010a; Weller et al.Sea-salt particles from surface of sea ice and ocean by wind-
2008; Li et al., 2010), mineral particles might be supplied by blowing processes, as suggested by Hara et al. (2010). Be-

long-range transport to Syowa Station through the boundanf@Use strong winds were observed usually at Syowa Station
layer and free troposphere. from winter through spring (Sato and Hirasawa, 2007), high

abundance of sea-salt particles might be typical in the bound-
ary layer, as described by Hara et al. (2004, 2010a, 2011a)
and Weller et al. (2011).

3.4.3 Mineral particles

3.5 Relation between transport processes and vertical
features of aerosol constituents

As described above, vertical features of aerosol constituents
in the winter through spring seasons are likely to be associ-
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Fig. 7. Typical ternary plots of sea-salt constituents (Na, S and CI) in coarse- and fine modes. Green and cyan circles show atomic ratios
of bulk seawater and the wholly Cl depleted sea-salt particles with sulfates. The black line represents the stoichiometric line between bulk
seawater and the wholly Cl depleted sea-salt particles. All plots are listed in the Supplement.

3.5.2 Predominance of sulfate particles in the lower This result was closely coincident with the high abundance
troposphere during winter through spring of volatile particles near the surface in air parcels from the
free troposphere over the continent during winter (Hara et al.,

Although sea-salt particles were predominant near the sur—2011a)' Consequently, sulfate particles were probably pre-

face during winter through spring, as described above, highdomlnant in the free troposphere over the Antarctic continent

relative abundance of sulfate particles was observed occaa-md coasts during winter through spring. In the other cases

sionally in the near surface to the lower boundary IayerW|th high abundance of sulfate particles in the lower tropo-

(< 500 m), even during winter (.g., 10 and 19 May, 16 andsphere during winter through spring, air masses had fallen

28 June, 18 August), as depicted in Fig. 6. In contrast to thefrom the free troposphere over the continent or coasts, which

predominance of sea salt particles in high aerosol numbesqueSts that aerosol particles in the free troposphere had

density, high relative abundance of sulfate particles was coIEIOWGd o the boundary layer in the Antarctic coasts under

incident with the lower aerosol number density (Hara et al_,hlgh-pressure conditions during winter through spring.
2011b). For instance, the relative abundance of sulfate Par ¢ seasonal and vertical variations of sea-
ticles was approximately 80 % in fine mode below 500 m
on 16 June 2005, whereas the relative abundance of sea-
salt and modified sea-salt particles increased by 60 % abovgs depicted in Fig. 6, modified sea-salt particles were iden-
700m (Figs. 4 and 6). In addition, higher potential tempera-tified in both the boundary layer and free troposphere, par-
ture and relatiye humidity were ob_served at altitudes greateficylarly during summer. Although seasonal features of sea-
than 700m (Fig. 2). Backward trajectory from the sampling sait modification near the surface at Antarctic coasts were
altitudes on 16 June revealed that air masses below 500 ighown by Mouri et al. (1999) and Hara et al. (2004), vertical
were transported from the free troposphere over the Antarcyragients of sea-salt modification have not been reported for
tic continent, whereas air masses above 700m came fromntarctic regions. Seasonal and vertical features of sea-salt

the boundary layer over the ocean (558(. Consequently, modification are examined in this section.
this profile and air mass history strongly suggest that warm

and humid oceanic air masses mixed with a large amoung 6.1 Seasonal variations of sea-salt modification

of sea-salt particles flowed into the upper boundary layer—

lower free troposphere over Syowa Station. It is noteworthyFigure 7 depicts examples of ternary plots of sea-salt con-
that the tethered balloon operation was conducted only unstituents (Na, S and Cl) in coarse and fine modes. Sea-salt
der conditions of calm winds and high pressure. A remark-particles internally mixed with mineral particles were ex-
ably high abundance of sulfate particles during winter ap-cluded from Fig. 7 to avoid misunderstanding of the sea-salt
peared over Syowa Station under high-pressure conditionchemistry. In this study, internal mixtures of sea salts and

salt
modification

www.atmos-chem-phys.net/13/9119/2013/ Atmos. Chem. Phys., 13, 9B1I®9 2013



9130 K. Hara et al.: Tethered balloon-borne aerosol measurements

minerals were few or none in each sample. Green and blue The atomic ratio of Cl in sea-salt particles, however,
circles respectively denote atomic ratios of bulk seawater radropped to 40—45 % in most cases in coarse and fine modes
tios and wholly Cl depleted sea-salt particles by sulfates. Theduring winter through spring. We checked analytical con-
black line represents the stoichiometric line from the sea-ditions using artificial particles of pure NaCl and 16,
salt particles with bulk seawater ratio to the Cl-depleted seabut the analytical bias in EDX analysis cannot account for
salt particles by sulfates. When Cl in a sea-salt particle isthis difference. Because of a small change of the atomic ra-
replaced stoichiometrically to ﬁo by heterogeneous reac- tio of S, the likelihood of sea-salt modification with acidic
tions, each sea-salt particle is distributed along the stoichiogases other than sulfates should be considered. Although
metric line. previous investigations pointed out sea-salt modification by
Sea-salt particles in coarse mode were distributed alongNO; (Mamane and Gottlieb, 1992; Hara et al., 1999) and
the stoichiometric line in some samples taken in summerorganic acids (Laskin et al., 2012), the N@oncentration
(e.g., 16 February as shown in Fig. 7a), so that the seawas higher than those of organic acids such as formate, ac-
salt particles might be modified predominantly with sul- etate, and oxalate at Syowa Station during winter through
fates. Most coarse sea-salt particles were distributed aroungpring (e.g., Hara et al., 2010a). Here, we attempt to esti-
the seawater ratio even in summer, although the CI ramate the NQ concentration to engender a decrease of sev-
tio was slightly lower than the seawater ratio. Comparederal to 10 % in Cl atomic ratio in coarse sea-salt particles,
to coarse sea-salt particles, sea-salt constituents were digssuming that chemical constituents were homogeneous in
tributed widely in fine mode over Syowa Station. This sug- sea-salt particles and that l§@auses sea-salt modification.
gests that sea-salt modification occurs preferentially in fineUsing the ClI atomic ratio and bulk Naconcentrations in
mode. A similar tendency was observed in previous investi-the coarse mode obtained from bulk analysis (e.g., Hara et
gations in Antarctic and Arctic regions (Mouri et al., 1999; al., 2004, 2010a), the range of NQoncentration was es-
Hara et al., 2002, 2005, Rankin and Wolﬁ:, 2003) Most of timated to be ca. 0.2 anITﬁ. The estimated NQ con-

the modified sea-salt particles in fine mode were distributed.aniration was consistent with ambient N@oncentration
in Cl ratio of ca. 0% and higher S atomic ratio relative to the i, coarse mode ranging below the detection limit (BDL) —

modified sea-salt particles during summer (e.g., 16 February 4 nmol nt3 (annual mean, 0.04 nmol TA) at Syowa Sta-
in Elg. 7a). Moreover, some sea-salt partlcl_es con_talnlng Chion (Hara et al., unpublished data). Therefore, slight sea-salt
in fine mode had a significantly larger S ratio relative to the mgification in coarse and fine modes might have occurred to
stoichiometric line (e.g., 23 March, 23 April, and 11 Decem- 4 marked degree through heterogeneoug K®mation dur-

E:rrlr?o';:gégbr;ci’ ::Id 3\;i ;ostrgtg&?s;siexfﬁlézggez :'ghﬁwg winter through spring. The small contribution of i@
sugaested by Hara Zt al. (2005). The presence of the,mo difieaea-salt modification implies lower concentrations of NO
g9 y : : P precursors such as HNON>Os, and NQ and high sea-salt

sea-salt particles containing excess sulfates implies that se o :
. . oncentration in the lower troposphere around the Antarctic
salt particles can act as important scavengers of condensabie

vapors and aerosol precursors such aS®; gas oasts.
P . b : gas. . Significant Cl depletion from sea-salt particles, however,
As described above, relative abundance of sea-salt parti- .
. . . occurred on 18 August when sea-salt particles and the mod-
cles increased in mid-March through October. Coarse sea-. ) o ! )
: o : ified sea-salt particles were distributed in a lower S ratio rel-
salt particles were distributed close to seawater ratio, espe-

. : . “ative to the stoichiometric line. As shown in Fig. 7e and in
cially on 23 March, 23 April, and 4 September, as shown " ihe Supplement, sea-salt particles on 18 August might have

Fig. 7. In contrast to sea-salt particles in coarse mode, partl)been modified considerably by heterogeneous; N@rma-
Cl-depleted sea-salt particles and the modified sea-salt part['ion in the boundary layer and lower free tropo%phere in ad-
cles were often identified in fine mode during winter through

. . . S _dition to sea-salt modification partly by sulfur species such
spring. Because of a higher S atomic ratio in partly Cl as S(ﬁ_. Such a high contribution of NDto sea-salt mod-

depleted sea-salt particles and the modified sea-salt partideﬁication was observed only during August through Septem-
acidic sulfur species (predominantly $O caused sea-salt S . " L2 .
ber in this study. Previous investigations (Mouri et al., 1999:

rr_10d.|f.|cat|on in fine mod.e_ durmg winter through spring. In Hara et al., 2005) revealed the high contribution of N©
significant sea-salt modification corresponded to high abun- e L
) .. _sea-salt modification at Syowa Station in August. Backward

dance of sea-salt particles under aerosol-enhanced conditions . .
. trajectory on 18 August (see the Supplement) showed that air
(Antarctic haze, e.g., 28 May, 22 July, and 30 September). As : . .
. . . masses of each sampling altitude had traveled in the bound-
described already, high abundance of sea-salt particles was

the typical condition over Syowa Station, so that minor sea_ary layer and free troposphere over the Antarctic coast along

salt modification was tvpical during winter throuah Spring. as the coastline without marked vertical mixing during the prior
yp 9 ghspring, as g days. In particular, the air parcel at 1430 m might have trav-

suggested by Hara et al. (2004, 2005). With increased relatlveIe d for at least 5 days in the free troposphere. Consequently,

abundance of sulfate particles after October, more sea-saﬁ1 e .
particles in fine mode tended to be modified with sulfates, as e marked sea-salt modification by BGmplies that the

shown in Fig. 7 concentrations of N© precursors such as HNONO:s,
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and NG are enhanced in the boundary layer and lower freesphere, especially during summer (January—mid-March and
troposphere over the Antarctic coast from August throughmid-November—December). For example, modified sea-salt
September. particles were distributed in the boundary layer and lower
free troposphere on 14 March (Fig. 9). Because lower Cl/Na
3.6.2 \Vertical features of sea-salt modification in coarse ratios were found in higher S/Na ratios in the boundary
mode layer and the free troposphere, acidic sulfur species such
as sci— and CHSQO; might contribute to sea-salt modifi-
Figure 8 portrays examples of vertical features of atomiccation in fine modes, as discussed in Sect. 3.6.2. Although
ratios of CI/Na and S/Na in coarse sea-salt particleshigher Cl/Na ratios were obtained at altitudes greater than
over Syowa Station. All plots are listed in the Supple- 500m on 5 December 2005, air masses with higher Cl/Na
ment information. Because of the diminished concentra-ratios were transported from the boundary layer over the
tions in coarse mode January—February and mid-Novemberecean during the prior 5 days. Conversely, lower Cl/Na ra-
December (Hara et al., 2011b), the vertical features of seatios in most cases during summer corresponded to transport
salt modification in coarse mode were uncertain in mostfrom the Antarctic coast and continent during the prior 5
cases. On 16 February, 21 November and 28 Novembeiays. Consequently, the vertical features might be attributed
Cl/Na ratios of sea-salt particles in coarse mode variedo the air mass history and aging time of sea-salt modifica-
greatly and lower ClI/Na ratios were observed in the bound-tion. According to the comparison between Cl/Na ratios and
ary layer and lower free troposphere. Furthermore, highair mass history, it appears to take longer than 5 days for
S/Na ratios corresponded to low Cl/Na ratios, which might complete Cl depletion in fine sea-salt particles around the
have resulted from sea-salt modification with sulfate andAntarctic coasts during summer.
methanesulfonate, as discussed above. Although the median CI/Na ratio in coarse mode was
Median Cl/Na ratios in coarse mode were 0.75-1.3 in thegreater than 0.75 during April through November, a lower
boundary layer and the free troposphere from winter throughmedian ClI/Na ratio and large variance of Cl/Na ratio were
spring (April-October), except in the sample collected nearidentified in the boundary layer and lower free troposphere
or in a cloud layer (934 m) on 23 April. Median S/Na ra- even in winter. This suggests strongly that sea-salt modifica-
tios in coarse mode ranged mostly ca. 0.05 during wintertion proceeded with preference in fine mode in the boundary
through spring. Furthermore, variation of Cl/Na and S/Nalayer and lower free troposphere even during winter through
ratios became smaller in the boundary layer and lower freespring over Syowa Station. As shown in Fig. 9 and in the
troposphere. Significant vertical features of Cl/Na and S/ NaSupplement, vertical features of median Cl/Na ratios in fine
ratios of sea-salt particles in coarse mode were not idensea-salt particles during winter through spring are classifiable
tified winter through spring. Higher Cl/Na ratios than 1, as (1) almost constant Cl/Naratios (e.g., 28 May, 22 July, 30
however, were observed occasionally in the boundary layeSeptember), (2) lower Cl/Na ratios in the lower boundary
(e.g., 23 April, 19 May, 22 July and 4 September). Particu-layer (e.g., 19 May, 16 June, 28 June, and 17 September), or
larly, median ClI/Na ratios at 47 m on 23 April reached ca. (3) lower Cl/Na ratios in the upper boundary layer and lower
1.35 (mean ratio, ca. 1.30). Because Cl/Na ratios in seawafree troposphere (e.g., 10 May, 18 August, and 4 September).
ter (e.g., Wilson, 1975) are ca. 1.18, the higher Cl/Na ratio In the first type, vertical features of variation of Cl/Na ra-
suggests strongly that Cl was enriched in sea-salt particletios in fine mode tended to be smaller. The median Cl/Na
by sea-salt fractionation winter through spring, as reportedand S/Na ratios were approximately 0.75-0.80 an@.2,
by Hara et al. (2012). In contrast, the Cl/Na ratio (ca. 0.75)respectively, in the boundary layer and lower free tropo-
in most cases was slightly lower than the seawater ratio. Asphere. This type was observed in the cases of higher relative
discussed in Sect. 3.6.1, this might have resulted from slightibundance of sea-salt particles in the boundary layer under

sea-salt modification with ND. aerosol-enhanced conditions (Antarctic haze), as depicted in
Fig. 6. The backward trajectory shows that air masses came

3.6.3 Vertical features of sea-salt modification in fine from ocean and sea ice regions to the observed area over
mode Syowa Station during the prior 5 days. Therefore, sea-salt

emissions from the ocean surface and sea ice and rapid trans-
Figure 9 portrays examples of vertical features of atomicport to Syowa Station might cause some slight sea-salt mod-
ratios of ClI/Na and S/Na in fine sea-salt particles overification in the boundary layer and lower free troposphere.
Syowa Station. All plots are listed in the Supplement. Me- With the suggestion of predominance of sea-salt particles
dian Cl/Na and S/Na ratios in sea-salt particles and thgHara et al., 2004) and slight sea-salt modification during
modified sea-salt particles ranged mostlyif.2 and> 0.5,  winter (Hara et al., 2005, 2010a), the first type might be pre-
respectively, in the boundary layer and lower free tropo-dominant in Antarctic coasts under usual winter conditions
sphere during summer. This range implies that fine sea-salvith stronger winds.
particles preferred to be modified relative to coarse sea-salt
particles in both the boundary layer and lower free tropo-
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Fig. 8. Typical vertical features of atomic ratios of Cl/Na and S/Na in coarse mode. In box plots, the right bar, right box line, black middle
box line, left box line, and left bar respectively denote values of 90 %, 75 %, 50 % (median), 25 %, and 10 %. The red line shows mean values.
All plots are listed in the Supplement.
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Fig. 9. Typical vertical features of atomic ratios of Cl/Na and S/Na in fine mode. In box plots, the right bar, right box line, black middle box
line, left box line, and left bar respectively denote values of 90 %, 75 %, 50 % (median), 25 %, and 10 %. The red line shows mean values.
All plots are listed in the Supplement.

In the second type, lower Cl/Na ratios were observed re-continent, whereas air masses with higher Cl/Na ratio came
markably in the lower boundary layer, when higher abun-from sea ice and ocean areas. A similar air mass history
dance of sulfate particles was obtained in the boundary layemvas obtained in the other cases of the second type. More-
In spite of the appearance of sea-salt particles with lowerover, ternary plots of sea salts (Na, S and Cl) in the sec-
Cl/Na ratios in the lower boundary layer, the median Cl/Na ond type imply that SﬁT makes a substantial contribution to
ratios reached 0.7-0.9 in the upper boundary layer and lowesea-salt modification in fine mode (Fig. 7 and in the Supple-
free troposphere. On 16 June (Fig. 3), sea-salt particles witlment). According to Minikin et al. (1998) and Moore and Ab-
lower Cl/Na and high S/ Na ratios below 500 m were presentbott (2002), acidic sulfur species such asf;S@nd CHSGy
in air masses from the free troposphere over the Antarctidn aerosol particles are linked to oceanic biogenic activity in
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the coastal Antarctic regions during summer, but less so dur3.7.1 Seasonal variations of sea-salt fractionation
ing winter. Indeed, the high Cl/Na and lower S/Na ratios
in the sea-salt particles in lower free troposphere and uppeFigure 10 depicts examples of ternary plots of sea-salts (Na,
boundary layer were obtained in air masses transported frofMg, and S) and Mg-rich sulfates in coarse and fine modes.
ocean and sea ice regions, as shown in Figs. 8 and 9. Consbkternal mixtures of sea salts and minerals were removed
quently, the concentrations of gaseous acidic sulfur specieffom the ternary plots to avoid misunderstanding. In the
might be insufficiently high to engender rapid sea-salt modi-ternary plots, sea-salt particles with bulk seawater ratio are
fication within several days. Nevertheless, significant sea-saltlistributed around the blue circle (bulk seawater ratio). When
modification with acidic sulfur species (e.g. $0was ob-  the sea-salt particles are modified by sulfate and not frac-
tained for air masses transported from the free tropospheréonated, they are distributed around the stoichiometric line
over the continent in these cases. Because of the longer lifebetween the blue circle (seawater ratio) and red circle (modi-
time resulting from lower solar radiation, large amounts of fied sea-salt ratio with sulfate). With sea-salt fractionation by
sulfur aerosol precursors such as DMS and DMSO were obprecipitation of Na-salts such as mirabilite @$0, 10H,0)
served during winter at Dumont d’Urville Station, Antarctica and hydrohalite (NaCl 2b0) (Hara et al., 2012), Mg in sea-
(Jourdain and Legrand, 2001) and at Concordia Station orsalt particles can be enriched gradually during winter through
the high Antarctic plateau (Preunkert et al., 2008). Thereforespring. For cases in which sea-salt fractionation (replacement
sea-salt particles might be modified by heterogeneous readetween Na and Mg) occurs without sea-salt modification by
tions and coagulation for longer suspension periods in thesulfate, sea-salt particles are distributed around the stoichio-
free troposphere over Antarctica, even during winter throughmetric line between the blue circle (bulk seawater ratio) and
spring. Then, outflow of air masses in the free tropospherecyan circle (MgCs). When sea-salt fractionation and sea-salt
over the Antarctic continent to the boundary layer in the modification by sulfate occur stoichiometrically and simulta-
Antarctic coast might create vertical features of sea-salt modneously, sea-salt particles are distributed around the stoichio-
ification in the second type. metric line between the blue circle (seawater ratio) and green
In the third type, the vertical gradients of Cl/Na ratios circle (MgSQ).
were observed in the boundary layer—lower free troposphere Because sea-salt modification occurred during summer,
(e.g., 10 May, 18 August, and 4 September), as shown irsea-salt particles in coarse and fine modes were distributed
Fig. 9 and in the Supplement. For instance, median Cl/Naaround the stoichiometric lines of sea-salt modification with
ratios changed gradually from 0.88 at 230 m to 0.57 at 850 nsea-salt fractionation or sea-salt modification without sea-
on 4 September. With the vertical gradient of Cl/Na ratios, salt fractionation. Mg ratios in fine sea-salt particles differed
S/Na ratios increased gradually in the upper boundary layegreatly from those in coarse mode. The Mg ratios in coarse
on both days. Ternary plots (Na-S-Cl) on 4 September re-sea-salt particles ranged mostly from several percent to 20 %
vealed a substantial contribution of $Ot0 sea-salt modifi- in summer, whereas many sea-salt particles in fine mode
cation in fine mode, as shown in the Supplement. Moreoverwere distributed at Mg ratiez 0 and the higher S ratios rel-
higher relative humidity was identified at altitudes with lower ative to the stoichiometric line between the blue circle and
Cl/Na ratios. The relative humidity changed from ca. 45 % green circle. Hereinafter, we designate sea-salt particles with
near the surface to ca. 94 % at 850 m on 4 September. HigMg ratio~ 0 as “Mg-free sea-salt particles”.
relative humidity was obtained at altitudes with lower CI/Na  After end of March, most sea-salt particles in coarse
ratio on other days. As inferred from previous investigationsmode were distributed around the seawater ratio, although
conducted by von Glasow and Sander (2001) and by Hara e slightly higher Mg ratio (ca. 20 %) was obtained in some
al. (2002), sea-salt modification occurs to a considerable desea-salt particles (Fig. 10b and c). According to the compar-
gree under conditions with higher relative humidity. There- ison with Mg ratio during summer, Mg ratio in fine mode
fore, the vertical gradients of ClI/Na and S/Na on 10 May increased gradually after the end of March. For example, the
and 4 September might result from enhancement of sea-sahighest Mg ratio in fine mode was ca. 40 % on 23 March
modification under conditions with vertical gradients of rel- and 78 % on 23 April in the ternary plots (Fig. 10b and c).

ative humidity. The presence of sea-salt particles with slightly high Mg en-
_ _ _ richment suggests that sea-salt fractionation started to oc-
3.7 Sea-salt fractionation over Syowa Station cur around Syowa Station at the end of March and April,

o . , when air temperatures near the surface dropped occasionally
As shown in Fig. 5b, Mg-enriched sea-salt particles were oc+ |ower than—9°C (Hara et al., 2012). In contrast, the num-

cgsionally_identified in this study. As suggested by our pre-per of Mg-free sea-salt particles tended to decrease.
vious studies (Hara et al., 2005, 2010a, 2012), Mg-enriched p;ing winter, sea-salt particles in coarse and fine modes

sea-salt particles might be associated with sea-salt fractiongere gistributed markedly around the stoichiometric line of
ation on sea ice. Seasonal variations of the fractionated seg,_galt fractionation without sea-salt modification. For in-

salt particles are discussed in this section. stance, the Mg ratios exceeded 60 % in coarse mode on 22
July (see Fig. 10 and the Supplement). This strongly suggests
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Fig. 10. Typical ternary plots of sea salts (Na, Mg, and S) in coarse and fine modes. Blue, red, cyan, and green circles respectively denote
atomic ratios of (1) bulk seawater, (2) wholly Cl depleted sea-salt particles with sulfates, (3> Mg@I(4) MgSQ. Black lines represent
stoichiometric lines among constituents. All plots are listed in the Supplement.
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Fig. 11. Typical vertical features of atomic ratios of Mg/Na in coarse and fine modes over Syowa Station. In box plots, the right bar, right
box line, black middle box line, left box line, and left bar respectively denote values of 90 %, 75 %, 50 % (median), 25 %, and 10 %. The red
line shows mean values. All plots are listed in the Supplement.

that Mg was enriched in sea-salt particles by sea-salt fracsalt particles were identified rarely in fine mode during May
tionation during winter. In addition, large variation of Mg through August, the number of Mg-free sea-salt particles in-
ratios suggests that sea-salt constituents were heterogeneotigased again in September (Fig. 10 and the Supplement).
along the Antarctic coast. High Mg enrichment in winter Furthermore, some particles were distributed around the ra-
through spring was identified also in bulk aerosol data attio of MgSOy (green circle). The distribution around the sto-
Syowa Station (Hara et al., 2012). Ternary plots of Na-Mg-Sichiometric line of sea-salt fractionation with sea-salt modi-
(Fig. 10) and Na-Mg-ClI (not shown) imply that Mg is present fication strongly implies that MgS{particles were derived

in coarse sea-salt particles as MgQrherefore, aerosol par- from sea-salt fractionation and sea-salt modification.

ticles containing mostly MgGl(Fig. 5h) might be associated Mg-enriched sea-salt particles can be formed through
with sea-salt fractionation on sea ice. Although Mg-free sea-sea-salt fractionation by precipitation of mirabilite and
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hydrohalite on sea ice under cold conditions (Hara et al.4 Summary and conclusions
2012 and references therein), but Mg-free sea-salt particles
cannot be formed. Indeed, Mg-free sea-salt particles werdethered balloon-borne aerosol measurements were con-
identified only rarely during winter in this study. To explain ducted at Syowa Station, Antarctica, during January through
the presence of external mixtures of Mg$@articles, Mg-  December 2005. From single particle analysis using SEM-
rich sea-salt particles and Mg-free sea-salt particles in sumEDX, sulfate particles, sulfate particles containing K,
mer, it is necessary to discuss Mg separation processes iMgSOs particles, MgC} particles, sea-salt particles, Mg-
the Antarctic regions that occur during summer. Although enriched sea-salt particles, wholly Cl-depleted sea-salt par-
sea-salt fractionation by Mg separation processes has ndicles, Mg-free sea-salt particles, and mineral particles were
been identified, the likelihood of Mg separation in sea-saltidentified in this study. Major aerosol constituents were sul-
particles was pointed out from continuous aerosol measurefates during summer and sea-salt particles during winter
ments near the surface at Syowa Station (Hara et al., 2012}hrough spring in the boundary layer and free troposphere
Mg-enrichment and Mg-depletion have not been identifiedover Syowa Station. Sulfate particles containing K were
in sea-salt particles produced by bubble bursting (Keene eidentified mostly in fine mode in the boundary layer and
al., 2007). Considering the seasonality of the presence ofree troposphere. Sulfate particles containing K might have
Mg-free sea-salt particles, Mg separation in sea-salt partitesulted from long-range transport after origination during
cles might occur preferentially during summer in Antarc- combustion processes in South America and southern Africa.
tic regions. As described in Sect. 3.4.2, MgSg@articles  MgSQy particles were also mainly distributed in fine mode.
were observed in air masses from the Antarctic continentand Sulfate particles were major aerosol constituents in fine
coasts. Therefore, we propose that Mg-separation proceedsode in both the boundary layer and free troposphere during
in Antarctic regions during summer. summer. In contrast to fine mode, sea-salt particles and the
modified sea-salt particles were predominant in coarse mode
3.7.2 \Vertical features of fractionated sea-salt particles  in the boundary layer. High relative abundance of sulfate par-
ticles was obtained even in coarse mode in the lower free tro-
Figure 11 depicts examples of vertical features of Mg/Napgsphere. Relative abundance of sea-salt particles increased
ratios in coarse and fine modes over Syowa Station. Alin coarse and fine modes during winter through spring in
though median Mg/Na ratios in coarse mode were mostlythe houndary layer and lower free troposphere. Under con-
lower than 0.2 in the boundary layer and free troposphereyitions with higher aerosol number density and air mass
during summer (January-March and November—Decembenyansport from the boundary layer over sea ice and Southern
the median ratios in coarse mode were larger than 0.2 ifpcean, the relative abundance of sea-salt particles reached
the boundary layer—lower free troposphere during winter _ 9o in coarse and fine modes. Because strong winds were
through spring (April-October). During winter, highly Mg  typical conditions at Syowa Station during winter through
enriched sea-salt particles in coarse mode (MgAN&3)  spring, high relative abundance of sea-salt particles could
were occasionally identified in the boundary layer (€.g., 28nhave been the usual condition. When air mass in the free tro-
May and 22 July). In addition, Mg/Na ratios on 28 May posphere had descended into the boundary layer over Syowa
were smaller in the air masses of lower free tropospheregtation, higher relative abundance of sulfate particles was
which were transported from the boundary layer above opefgentified occasionally in the boundary layer even in winter.
sea areas. In contrast to Mg/Na ratio in coarse mode, MeThjs higher relative abundance implies that the relative abun-
dian Mg/Na ratios in fine mode decreased occasionally togance of sulfate particles might be high in free troposphere
0 during summer because of the presence of Mg-free seagyer Antarctic continent and coasts, although aerosol number
salt particles. Sea-salt fractionation by Mg separation mighiconcentrations were lower, as shown in Hara et al. (2011b).
engender greater variation of Mg/Na ratios in fine sea-salfyhen air mass in the free troposphere had descended into the
particles during summer. Median Mg/ Na ratios in fine mode houndary layer over Syowa Station, air masses with higher
were greater than 0.2 in the boundary layer—lower free troye|ative abundance of sea-salt particles were lifted from the
posphere during winter through spring. Compared to the veryoundary layer over sea ice and the Southern Ocean to the
tical features of S/Na and CIl/Na ratios, however, verticalupper boundary layer and lower free troposphere over Syowa
gradients of Mg/Na ratios were not statistically significant siation.
in coarse or fine modes in the lower troposphere, perhaps be- gea-salt particles in coarse and fine modes were modi-
cause of (1) the slight change of Mg/Na ratios by sea-salffied mostly with S§~ and CHSQ; through heterogeneous
fractionation during winter relative to Cl-loss, and (2) well reactions during summer. Sulfates (and methanesulfonates)
dispersion and mixing of the fractionated sea-salt partlcle_s INvere enriched remarkably in the wholly Cl-depleted sea-
the lower troposphere<(2500 m) under observable condi- sajt particles. Furthermore, comparison with aerosol chem-
tions using the tethered balloon. ical data from bulk analysis implies that sea-salt particles
were modified slightly with N@ throughout the year. It
is noteworthy that NQ made a significant contribution to
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sea-salt modification in the boundary layer and lower freeballoon operations in Antarctic regions were also offered by
troposphere in August. Vertical features of sea-salt modi-N. Hirasawa (NIPR) and K. Sato (The Univ. of Tokyo). This study
fication during winter through spring were classified into was supported by “Observation project of global atmospheric
three types: (1) non-significant vertical features (less mod-change in the Antarctic” for JARE 43-47. This work was also
ification), (2) high modification in the lower boundary layer, ?rl;?r?otrr:id hﬁ%gtgrﬂt'g‘dﬁgﬁ:' 10611?’[?1?2018 pli)lr:tsT. ;ig?gg“g:g
and (3) high modification in the upper boundary layer andTechnology of Japan. The authors gratefully acknowledge the

lower free troposphere. Insignificant vertical features of SEANOAA Air RESOUICES Laboratory (ARL) for provision of the

salt modification were identified in cases of the high aerosol,ygp| |1 transport and dispersion model and the READY website

number density, high relative abundance of sea-salt partithtp:/mww.arl.noaa.gov/ready.htjnised in this publication.
cles, and transport from sea ice and the Southern Ocean.

For the first type these might be typical conditions of ver- Edited by: T. Kirchstetter
tical features of sea-salt modification during winter through

spring. The second type was observed in cases of high rel-
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