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Abstract. Measurements of aerosol number concentrationsas. These sea-salt particles might be associated with sea-salt
and direct aerosol sampling were conducted on continenfractionation on the snow surface of continental Antarctica.

tal Antarctica during the traverse of the Japanese—Swedish
joint Antarctic expedition (JASE) from 14 November 2007
until 24 January 2008. Aerosol concentrations in back- )
ground conditions decreased gradually with latitude in in-1 Introduction

land regions during the traverse. The lowest aerosol number ) ) . : .
concentrations were 160t in D, >0.3um, and 0.5t1 Atmospheric aerosol constituents in Antarctic regions have

in Dp>2pm. In contrast, aerosol concentrations reached’®en ,measured for more than 3 decades to elucidate the re-
3278171 in Dp>0.3um, and 215t in Dp>2um under  9iONS aerospl chem|s_try, to monitor Earth ba}ckground lev-
strong wind conditions. The estimated aerosol mass con€!S; and to interpret ice core records (Savoie et al., 1992,
centrations were 0.04-5.7 ugh Single particle analysis of 1993; Minikin et al., 1998; Legrand et al., 2001; Hara et
aerosol particles collected during the JASE traverse was corf'%ll" 2004; Weller et a!., 2011). Although most investiga-
ducted using a scanning electron microscope equipped wit§ons of aerosol chemistry have been conducted at coastal
an energy dispersive ray spectrometer. Major aerosol con- Stations such as Syowa Station, Neumayer Station, Hal-
stituents were sulfates in fine mode, and sulfate, sea saltd€y Station, Dumont d’Urville Station, and Mawson Station
modified sea salts, and fractionated sea salts in coarse modg>@voie et al., 1992, 1993; Legrand et al., 2001; Hara et al.,
K-rich sulfates, Mg-rich sulfate, Ca-rich sulfates, and min- 2004; Weller etal., 2011), aerosol chemistry and atmospheric
erals were identified as minor aerosol constituents. HorizonChemistry have been investigated recently even at inland sta-
tal features of Cl/Na ratios imply that sea-salt modification iONS Such as Amundsen-Scott (South Pole) Station, Dome
(i.e. Cl loss) occurred on the Antarctic continent during the F Station, Kohnen Station, and Concordia (Dome C) Station
summer. Most sea-salt particles in the continental region neafBodhaine, 1995; Hara et al., 2004; Weller and Wagenbach,
the coast were modified with acidic sulfur species such a007; Jourdain et al., 2008; Eisele et al., 2008; Udisti et al.,
H>SOy and CHSOsH. By contrast, acidic species other than 2012). L L , )
the acidic sulfur species (likely HN§Dcontributed markedly From those earlier investigations, basic aerosol chemi-
to sea-salt modification in inland areas during the traverseC@l Properties were obtained: seasonal features of the con-
Mg-rich sea-salt particles and Mg-free sea-salt particles wer&€ntrations of major aerosol constituents fSPCHsSOy,

present in coarse and fine modes from the coast to inland aMNO3 » and sea salts (e.g., Nand CI)), and minor aerosol
constituents (minerals and carbonaceous species (soot and
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organics)) at Antarctic coasts and inland area. In those inMg enrichment in sea-salt particles during winter—spring on
vestigations, aerosol constituents were determined using bulthe Antarctic coast (Hara et al., 2010a, 2012, 2013). Further-
analysis techniques (mainly ion chromatography). Such techmore, Hara et al. (2013) pointed out the likelihood that sea-
nigues, however, cannot provide sufficient information aboutsalt fractionation (Mg separation in sea-salt particles) occurs
the mixing states of respective aerosol constituents. That induring summer. The following questions, however, remain.
formation is necessary to elucidate the origins of constituents
and the chemical reactions that occur on aerosol particles
(heterogeneous reactions). For sample analysis, single par-
ticle analysis takes longer than bulk analysis. Therefore, few 2. What are the specific processes of sea-salt fractionation
previous investigations have used single particle analysis (Mg separation)?
(Parungo et al., 1979; Yamato et al., 1987a, b; Artaxo et al., ]
1992: Mouri et al., 1999; Hara et al., 1995, 2005, 2013). Although useful and important knowledge related to
Previous investigations (e.g., Savoie et al., 1992, 1993§erosol chemical properti_es (e.q., concentrations_, anq mix-
Minikin et al., 1998; Hara et al., 2004, 2013) showed that'"9 S_tates) has been obta|r_1ed gradu_ally from previous inves-
major aerosol constituents in Antarctic atmosphere near surigations using bulk and single-particle analysis of aerosol
face were sulfates (probably,BOy) in summer and sea salts particles along the Antarctic coasts, a great dearth of knowl-
in the winter—spring period. Actually go and CHSQ; edge remains for aerosol chemical properties and chemical
are strongly dominant during the summer in Antarctica be-Processes taking place on the Antarctic continent. To elu-
cause of biogenic activity in the ocean (e.g., Minikin et al., cidate spatloter_nporal_fef_;\tures of glaciological environment
1998; Legrand et al., 2001). Size segregated aerosol analynd atmospheric quality in Queen Maud Land, East Antarc-
sis showed that S@ and CHSO; were distributed mainly tica, scientific traverse using snow vehicles was conducted by
in the sub-micrometre range at the Antarctic coasts (e.g.2 Japanese Swedish Antarctic Expedition (JASE) in the aus-
Jourdain and Legrand, 2001: Read et al., 2008). Yamato diral summer of 2007/2008 (Fujita et al., 2011). In this study,
al. (1987a, b) used chemical testing (Ca thin-film method) tomeasurements of the aerosol number concentrations and di-
demonstrate that sulfuric acid was dominant in aerosol con!€Ct aerosol sampling were conducted during the JASE tra-
stituents in the Antarctic troposphere during summer. In ad-Verse to characterize and elucidate the horizontal features of
dition, single particle analysis using laser microprobe mas<2erosol constituents and their mixing states in the atmosphere
spectrometry showed that GBO; was mixed internally near the ground on the Antarctic continent during summer.
with sulfate particles (probably 50, particles) near the Herein, we mainly discuss (1) the horizontal distributions of

surface on the Antarctic coasts during summer (Wouters eferosol constituents and mixing states on the Antarctic con-
al., 1990; Hara et al., 1995). tinent during summer, (2) sea-salt modification, and (3) sea-

1. Where does sea-salt fractionation occur on the Antarctic
regions during summer?

Sea-salts are dominant during winter—spring (e.g., Hara ef@lt fractionation.
al., 2004). Sea-salt particles were distributed widely in ultra-
fine-coarse mode throughout th(_a year at Syoyva Station (Hara  Aarosol measurements and data analysis
etal., 2010a, 2011a) and were distributed in fine-coarse mode
during the summer at Aboa Station (Kerminen et al., 2000;2.1 JASE traverse
Teinila et al., 2000). From elemental analysis of individual
particles using Energy dispersiseray spectrometer (EDX), Figure 1 depicts the JASE traverse route in Queen Maud
Mouri et al. (1999) and Hara et al. (2005, 2013) reported thatLand, East Antarctica. On this campaign, the Japanese team
sea-salt particles near the surface were modified WitEFSO travelled from S16 on the Antarctic continent (near Syowa
and CHSQ; during the summer, and were modified with Station) to a meeting point on the Antarctic plateau via Dome
Nog in August at Syowa Station. Furthermore, Sing|e par-F Station. The Swedish team travelled from Wasa Station
ticle analysis of aerosol particles collected using tetheredi0 the meeting point via Kohnen Station. Aerosol measure-
balloon operations exhibited seasonal and vertical feature§ents and direct aerosol sampling for this study were con-
of aerosol constituents and their mixing states in near surducted during the Japanese team traverse. The Japanese tra-
face — lower free troposphere (25 km), sea-salt modifica-verse team left from S16 on 14 November 2007, and arrived
tion, and sea-salt fractionation (Hara et al., 2013). In addi-at the meeting point on 27 December 2007 in the incoming
tion to sea-salt modification, sea-salt particles were fractioniraverse. After some joint scientific work at the meeting point
ated through precipitation of several salts such as mirabilitevas conducted for several days, the outgoing traverse (return
(NapSOs 10H,0) and hydrohalite (NaCl 240) in sea ice 0 S16) began on 30 December 2007. During the outgoing
formation and frost flower appearance under colder condiiraverse, the Japanese team travelled from the meeting point
tions (e.g., Wagenbach et al., 1998; Rankin et al., 2000, 20020 Dome F on the southern side of the ice divide for glacio-
Hara et al., 2004, 2012). Sea-salt fractionation on sea icdogical measurements. The team approached S16 on 24 Jan-

(including frost flowers) by depletion of Na salts engendersuary 2008. Details of the traverse were described by Fujita et
al. (2011).
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hicles). Aerosol number concentrations were recorded with

resolution of every 23-25s (corresponding to 1L air suck-

ing) during direct aerosol sampling. The ambient number

concentrations were converted to concentration under stan-
dard conditions (OC and 1013.25 hPa).

2.3.2 Direct aerosol sampling and analysis

Aerosol particles were collected on carbon-coated collodion
Figure 1. Traverse routes of Japanese team during JASE campaigrthin film supported by Ni micro-grid (square-300 mesh; Veco
Black lines represent traverse routes between S16 and Dome F inir€0.) using a two-stage aerosol impactor. The cut-off diame-
coming and outgoing traverse. The blue line represents the traversgers of the impactor were 2.0 and 0.2 um in aerodynamic di-
route from Dome F to meeting point in the incoming traverse. The gmeter at a flow rate of 1 L mitrt. The aerodynamic diameter
red line represents traverse route from the meeting point to Domgy55 estimated for particles density of 1 g‘C?nThe aerosol
F in.outgc.Jing t.r.averse. The traverse route of the Swedish team WaBarticIe density, however, is mostly larger than 1g‘§m
depicted in Fujita etal. (2011). for instance, NaCl (2.2gcnt), and HSO4 (1.84 gcntd).
Therefore, aerosol particles slightly smaller than the cut-off
diameter (aerodynamic diameter) can be collected on the
sample substrates, depending on the particle density. The im-
pactor was set at ca. 1 m above the snow surface next to

Continuous measurements of air pressure (F4711; Yokogawtabe OPC. Because of the lower aerosol number concentra-

Analytical Systems Inc.), air temperature (KDC-A01-S001 tions on the Antarctic continent, direct aerosol sampling was
and KADEC21-U4: Kon:a System Inc.), wind speed, and conducted for 28—-86 min (mean, 60 min) depending on the
wind direction (KADEC21-KAZE: Kona System Inc.) were aerosol number concentration. After direct sampling, aerosol
performed during the JASE traverse. Meteorological sensor§ampIeS were kept in air tight boxes including desiccant un-

were fixed on the snow vehicle, located approximately at3mt'| analysis in our laboratory in Japan to avoid humidifica-

above the snow surface. Daily meteorological observationd'" th_at can epgender morphploglpal change, mod|f|cat|on
(air, pressure, air temperature, wind direction, wind Speed'(chem|c:al reactions), and fractionation, as described by Hara

weather, visibility, degree of cloud cover, and cloud type) et al. (2002, 2005, 2013). Therefore, aerosol modification

were made around 15:00 LT. Weather conditions were Ob_and fractionation might be negligible, although aerosol con-

served also during aerosol measurements conducted at Carﬁﬂtuents can be solidified sepa_rately in each aerosol _partlcle
sites because of efflorescence of deliquescent aerosol particles un-

der dry conditions.
23  Aerosol measurements Individual aerosol particles on the sample substrate were
observed and analyzed in this study using a scanning electron

Aerosol measurements and direct aerosol sampling wer&licroscope equipped with an energy dispersivey spec-
conducted during the JASE traverse. For safe operation offometer (SEM-EDX; Quanta FEG-200F, FEI; XL30; EDAX
aerosol measurements, measurements of the aerosol size digc.). Analytical conditions were the following: 20kV accel-
tribution, and direct aerosol sampling were not made duringerating voltage and 30's counting time. To avoid analytical

the traverse during the daytime but were conducted only aPias of localization of aerosol constituents in each particle,
camp sites. the rectangular or square area almost covering a particle was

scanned using an electron beam in EDX analysis. The ana-
2.3.1 Measurements of aerosol number concentrations lytical depth in SEM-EDX analysis depends on the accelerat-

ing voltage, chemical composition, density, and other factors.
Aerosol number concentrations were measured using #lthough secondary electrons can be emitted from a depth of
portable optical particle counter (OPC, KR12A; Rion Co. severak 10nm (e.g., Ding et al., 2009), characteristiays
Ltd.) during direct aerosol sampling at every camp site.can be emitted from a depth of a few pm (e.g., Goldstein et
The measurable size range w#>0.3, 0.5, 0.7, 1.0, al, 2003). Most of the coarse particles examined in this study
2.0, and 5.0um. The OPC was calibrated using sphericalvere smaller than 3 um in diameter. Consequently, charac-
polystyrene latex particles with refractive index of 1.59- teristicx rays were obtained from whole patrticle in fine and
0i. Consequently, the size provided from OPC is “optically coarse mode in this study. When the particle thickness is
Polystyrene latex (PSL)-equivalent size”. The OPC packedarger than ca. 5 um, compositions near surface (thickness of
in an insulator box was set at ca. 1 m above the snow sura few micrometres) might be detected. However, only a few
face by tripod, located on the windward side of the camp siteparticles larger than 5 um were found in a single sample. De-
to avoid local contamination (mainly exhaust from snow ve- tails of analytical procedures and data quality were described

2.2 Meteorological measurements during the
JASE traverse
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by Hara et al. (2002, 2005, 2013). We analyzed 2690 parti- 8o 4000
cles in coarse mode (mean: 58 particles / sample) and 45,04« 78 P [ e
particles in fine mode (mean: 961 particles/sample). Most s Zi: ) [250 ¢
aerosol-sampled areas on the substrates were analyzed i £ ,, | / S . s g
coarse mode in this study. Although we attempted to analyze ~ 70| T ptude S Lao
as many coarse particles as possible, the lower aerosol num 68 == w w —- 0
ber concentrations in coarse mode limit the number of the , ° jR— 12
analyzed aerosol particles in this study. However, 20-30% ¢ | “‘\;"H"\{H ~—— Wind speed Mr‘(HL‘U 15 E
of the aerosol-sampled area on the substrates was analyze® 2° 7| ‘M‘ﬂ‘ Ui, ﬂ ’ W M il L 3
in aerosol samples in fine mode. £ %0 ‘" ”‘ ;’ !‘ﬂ‘ ”‘”N””I“ 4@ \f‘ I ‘Q AW!HM (] s 5
£ 07 ‘ ‘\ ) \*l ”\‘}.”,v i ;L\\W“ “‘\” ’," =
50 T T T T T 0
3 Results and Discussion T 09“1 Oe""\’\ 060‘(1:1 w0 o P
. . . Date (2007-2008)
3.1 Meteorological conditions during the JASE
campaign Figure 2. Variations of latitudes, elevation, air temperature, and rel-
ative humidity during the JASE traverse. Cyan stars represent dates
3.1.1 Airtemperature, wind speed, and weather and locations of aerosol measurements and direct sampling.

near the surface

Figure 2 shows variations of latitude, elevation, air tem-
perature, and wind speed during the JASE traverse of thé-1-2 Air mass history during the JASE traverse
Japanese team. The air temperature decreased gradually with
latitude in 69—73S in both the incoming and outgoing tra- To elucidate the history and origins of air masses observed
verse, although the highest temperature near the coast was this study, the 5-day backward trajectory was computed
ca.—7.6°C in the incoming traverse and2.9°C in the out-  using the reanalysis data by National Centers for Environ-
going traverse. By contrast, the air temperature was aroundnental Prediction (NCEP) and vertical motion mode in this
—30°C at latitudes higher than 7% in this study. The low-  study (Draxler and Rolph, 2013). Uncertainty of the trajec-
est air temperature was43°C. In addition, air tempera- tory analysis derives from the resolution of meteorological
ture showed strong diurnal variation. The diurnal tempera-data (wind field), calculation scheme, and trajectory model.
ture range was approxima’[e|y 86 on average (maximum, Kahl et al. (1989) and Stohl et al. (1995) reported that error
16°C). reached hundreds to 1000 km after trajectory calculation for
Wind speed often showed diurnal features during the tra> days. Therefore, the 5-day backward trajectory was ana-
verse. In addition to diurnal features of wind speed, the windlyzed in this study. Indeed, previous works (Reijmer and van
speed increased because of an approaching cyclone, for efen Broeke, 2001; Reijmer et al., 2002; Hara et al., 2004,
ample on 18-22 November, 27-30 November, 7-8 Decem2013; Suzuki et al., 2008) used 5-day backward trajectory
ber, and 20-23 December. Although the diurnal maximumanalysis to elucidate the origins of moisture and aerosols.
of air temperature was observed at noon time (LT), those ofn general, uncertainty can be greater when the starting al-
wind Speed were |agged at latitudes lower thah 9.3Simi- titude of trajectories is within in boundary Iayer. The 5-day
larly, similar diurnal variations of wind speed were observed backward trajectories from altitudes in the boundary layer —
on Antarctic continent (Allison, 1998; Van As et al., 2005) free troposphere, however, were closely consistent well with
and Antarctic coasts (Sato and Hirasawa, 2007). Howeververtical profiles of aerosol constituents over Syowa Station,
the diurnal maxima of wind speed were mutually synchro-Antarctica (Hara et al., 2013). For the present study, we cal-
nized well to those of air temperature at latitudes higher tharculated the trajectories from 200, 500, and 1000 m above
74° S, when their diurnal features occur. According to a man-ground level. The trajectories showed similar vertical fea-
ual weather check at every camp site, the weather was mostlipres and transport pathways in most cases, so that a 5-day
clear and fine. When the wind speed was greater than cdackward trajectory might be applied to discuss air mass his-
6ms1, drifting snow prevailed during the traverse, for ex- tory even in the Antarctic continent.

ample on 28—-29 November, 7 December, and 21-23 Decem- Figure 3 depicts backward trajectories from 200 m above
ber. ground level over each camp site. As depicted in Fig. 3a, air

masses from the camp sites located in 69-S'ih the incom-

ing traverse were transported westward along with Antarctic

coastal line during the 5 days prior. Vertical features of the

backward trajectories imply that these air masses travelled in
the upper boundary and lower free troposphere. In contrast
to the transport pathway in 69-7%, air masses at the camp

Atmos. Chem. Phys., 14, 10211:023Q 2014 www.atmos-chem-phys.net/14/10211/2014/
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Figure 3. 5-day backward trajectories from every camp sitéahn
incoming traverse from S16 to Dome F, i) traverse from Dome
F (DF) to meeting point (MP)(c) traverse from meeting point to

sites in >72 S travelled in the free troposphere over the
Antarctic continent during the 5 days prior. Air masses in the
traverse from Dome F to the meeting point flowed over the
Antarctic plateau during the 5 days prior (Fig. 3b). The verti-
cal motions in these air masses were classified into (1) trans-
port from the free troposphere and (2) travel in the boundary
layer (near surface). Compared to the weather at camp sites,
the first type (transport from free troposphere) and second
type (transport in the boundary layer) corresponded to days
with good weather, and to days with strong winds and drift-
ing snow conditions. Backward trajectories in the outgoing
traverse from the meeting point to Dome F indicate trans-
port in the boundary layer — lower free troposphere over the
Antarctic continent (Fig. 3c). The transport pathway during
the outgoing traverse from Dome F to S16 was clearly divis-
ible into transport from coastal areas and transport over the
continent (Fig. 3c). Although air masses at latitudes higher
than 73 S travelled over the continent, air masses at>35
and at 73-75S were transported from near the South Pole,
and were transported along ice ridges through near Dome A
and Dome C in East Antarctica. Furthermore, air masses in
the outgoing traverse moved near ground level (probably in
the boundary layer) for the past 5 days, in contrast to the large
variation of vertical motions in the incoming traverse from
S16 to Dome F. These features of transport pathways of air
masses on the Antarctic continent during the JASE traverse
showed good agreement with seasonal variations of the air
mass origins and transport pathway over the Antarctic conti-
nent by Suzuki et al. (2013).

3.2 Number concentrations, mass concentrations, and
size distribution of aerosol particles during the
JASE traverse

Figures 4 and 5 depict features of wind speed, the aerosol
number concentrations, Junge slope, and aerosol mass con-
centrations during direct aerosol sampling at each camp site
during the JASE traverse. During the incoming traverse, the
aerosol number concentrations decreased gradually with lat-
itude and elevation, except high number concentrations in
strong winds. Higher aerosol number concentrations were
identified under conditions with wind speeds higher than
6ms 1 in this study. Therefore, we use aerosol concen-
trations at wind speeds lower than 6 msas “background
aerosol concentrations” in this study. For instance, the back-
ground number concentrationsi®, > 0.3 um andDp > 2 pm
changed, respectively, from ca. 1330 near the coast to ca.
160 L1, and from 36 to 0.5 L. The number concentrations

on the Antarctic continent during the JASE traverse were
lower than those in the lower free troposphere over Syowa
Station in summer (Hara et al., 2011b). The aerosol number
concentrations increased considerably under strong wind and

S16 in outgoing traverse. Black lines show the traverse route. Alti-grifting snow conditions. Considering that air masses on the
tudes denote the height above the ground. Colour code correspondgntarctic continent during JASE were not transported from

to the latitude at starting points of the trajectory.

www.atmos-chem-phys.net/14/10211/2014/
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Figure 4. Horizontal features of air temperature, elevation, wind speed, aerosol humber concentrations and Junge slope during incoming
traverse from S16 to the meeting point. Red boxes show conditions with drifting snow.
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that strong winds engender the release of aerosol particlein coarse mode in JASE traverse were several factors — one
and small snow/ice flakes from the snow surface. Particularlyorder lower than those over Syowa Station.
the number concentrations in coarse particles having diame- Here, we attempt to estimate the mass concentrations us-
ter larger than 2.0 um increased remarkably by 1-2 ordersng aerosol number concentrations measured with OPC. The
of magnitude higher in strong wind conditions, as shown inspherical shape and density were assumed in the estimation.
Figs. 4 and 5. The aerosol number concentrations and theis described above, diameters in OPC are the “optically
horizontal features in the outgoing traverse were similar toPSL-equivalent size”, so that the estimated aerosol volume
those in the incoming traverse. means “PSL-equivalent volume” in this study. The densities
For comparison of the aerosol size distribution, we esti-corresponded to those of sulfates (ca. 1.8 g&nmand NaCl
mated the “Junge slope” in this study. The aerosol size dis{2.2 g cnt3). Major aerosol constituents were sulfate parti-
tribution in fine-coarse mode can be approximated as the foleles during JASE traverse (details are presented later herein).
lowing equation (Junge, 1963). Therefore, we used the density of 1.8 gchto estimate the
mass concentration in this study. The number concentrations
of aerosol particles smaller than 0.3 um were not included
in the estimation. Therefore, the estimated mass concentra-
tions can be slightly underestimated. In addition, the aerosol
Therein,« andp respectively represent a constant and thenumber concentrations were observed using OPC above the
Junge slope. The Junge slope is often used as an index ahow surface. Consequently, the number concentrations were
the shape of aerosol size distribution in fine-coarse modesneasured under ambient conditions (not dry conditions), al-
For instance, higher (lower) Junge slope values are visithough OPC had been packed in an insulator box. Therefore,
ble, respectively, in cases of high (low) number concentra-the estimated mass concentrations included masses of wa-
tions in fine mode and/or low (high) concentrations in coarseter in aerosol particles in this study. The presence of water
mode, respectively. In this study, the Junge slopewas  in aerosol particles can cause overestimation of the aerosol
estimated as 0.3-5.0 um in diameter. The Junge slope wadensity and mass concentrations because of salt dilution by
2.22-3.03 (mean, 2.70; median, 2.75) in background condiwater.
tions (wind speed lower than 6 MY in the incoming tra- With the exception of higher mass concentrations under
verse. In contrast, the Junge slope decreased to less than Zbnditions with drifting snow and strong winds, the aerosol
under conditions with strong winds (>6m% or drifting mass concentrations decreased gradually from ca. 0.16 (near
snow. The Junge slope in the outgoing traverse was 2.73the coasts) to 0.04 ugm (near Dome F Station). The mass
3.37 (mean, 3.03; median, 2.92) under background condiconcentrations on the Antarctic continent during JASE tra-
tions. Similar to the Junge slope in the incoming traverse,verse were similar to the mass concentrations of water solu-
the Junge slope decreased in strong winds during the outble aerosol constituents at Kohnen Station (Weller and Wa-
going traverse. The considerable decrease of June slope menbach, 2007). They were slightly higher than the mass
strong wind corresponded to high number concentrations irconcentrations water soluble aerosol constituents at Dome
coarse mode (Figs. 4-5). Consequently, aerosol size distric (Preunkert et al., 2008; Udisti et al., 2012). The aerosol
butions depended closely on the release of aerosol particlesass concentrations increased considerably to greater than
from snow surfaces by blowing winds. In addition, the Jungeseveral micrograms per cubic metre under conditions with
slopes in the outgoing traverse were slightly larger thandrifting snow and strong winds. The highest mass concen-
those in the incoming traverse. This difference derived fromtrations were approximately 5.7 pgrh Higher mass con-
the reduction of aerosol release (especially in coarse mode&)entrations were observed in high number concentrations in
from the snow surface under calm wind conditions during coarse mode. Therefore, aerosol particles from the snow sur-
the outgoing traverse. Considering that weather conditiondace by erosion under strong winds might make a substantial
are usually stable in December—January on the Antarctic reeontribution to high aerosol mass concentrations.
gion (e.g., Sato and Hirasawa, 2007), these differences be- Figure 3 shows that air masses on the Antarctic conti-
tween the incoming traverse and outgoing traverse might renent were transported over the Antarctic plateau during the
flect seasonal features of aerosol number concentrations arfsl days prior. Considering that coarse particles can be re-
the size distribution on the Antarctic continent during early moved efficiently from the atmosphere through dry deposi-
summer (or end-spring) through mid-summer. Compared tdion during transport, isolation from coastal regions might
the Junge slope in the lower troposphere over Syowa Staaccount for gradient features of aerosol number concentra-
tion during the summer (range, 2.2-3.2; median, 2.5; Haraions in coarse mode. In other words, coarse particles are
et al., 2011b), the Junge slope was slightly greater on thesupplied only slightly from coastal regions into the Antarc-
Antarctic continent during the JASE traverse. The differencetic plateau during summer. The aerosol nhumber concentra-
of the Junge slopes might result from horizontal features oftions increased markedly in all size rang&g & 0.3 pm) un-
the number concentrations, particularly in coarse mode, fronder strong wind conditions. Therefore, the wind-blowing re-
the coasts to inland areas. Indeed, the number concentratiohsase of aerosol particles might play an important role in

dN -8
dlogDp
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Figure 7. EDX spectra of aerosol particles collected during the
JASE traverse. Asterisks denote background peaks derived from the
sample substrate.

often in coarse mode, as depicted in Fig. 6b. Some coarse par-
ticles were satellite particles with irregular solid cores (not
shown). Presence of the stain and satellite structure in coarse
and fine modes suggests strongly that these particles had lig-
uid phase in the atmosphere.

3.4 Aerosol constituents and mixing states during
the JASE traverse

Figure 7 presents examples of EDX spectra of each aerosol
particle collected during the JASE traverse. Although strong
peaks of C, O, and Ni were detected in all samples, these
peaks were derived from the sample substrate. Therefore,
C, O, and Ni were excluded from discussion in this study.
maintaining the aerosol system over the continent in additiorS Portrayed in Fig. 7a, strong peaks of S were observed
to gas-to-particle conversion. from aerosol particles with a sate_ll_lte structure. Compari-
son among the elemental compositions, morphology (satel-
3.3 Morphology of aerosol particles collected during lite structure), and previous investigations by Yamato et
the JASE traverse al. (1987) and Hara et al. (2013) showed that these parti-
cles might consist mainly of 50, and CHSO3H, which
Figure 6 depicts examples of SEM images of aerosol parti-are derived mainly from oceanic bio-activity. Because EDX
cles collected during the JASE traverse. Figure 6a shows thatan provide only elemental information, we cannot distin-
most aerosol particles in fine mode had a satellite structureguish SCﬁ‘ from CH;SQ; . Hereinafter, we designate these
The satellite particles were dominant in all samples in fineaerosol particles as “sulfate particles”.
mode (Dp: 0.2-2 um). The satellite particles were often ob- In fact, S and K were detected from aerosol particles as
served also in coarse modB{>2 um) in this study. Yam-  shown in Fig. 7b. Aerosol particles containing S and K had
ato et al. (1987) used chemical tests (Ca thin film method)no satellite structure. Similar aerosol particles were identified
to show that satellite particles consisted ofS4y in the in aerosol samples taken in the lower free troposphere — up-
Antarctic troposphere during summer. Figure 6b shows thaper free troposphere in Antarctic region (Hara et al., 2010a,
aerosol particles without a satellite structure were also ob2010b, 2013).
served in coarse mode. Most non-satellite particles in coarse Peaks of Mg and S were obtained from aerosol particles
mode had a solid core with irregular shape and crystal-likeas portrayed in Fig. 7c. Atomic ratios of Mg and S of the
shape. In addition, stain around the solid core was identifiecaerosol particles containing only Mg and S were compatible

Figure 6. SEM images of aerosol particles (@) coarse mode and
(b) fine mode.
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Figure 8. Horizontal features of relative abundance of each aerosol constituéamttin coarse andc—d) fine modes during the incoming
traverse.

with the ratios of MgSQ@. Mg-rich sulfate particles in the awholly Cl-depleted sea-salt particle. Hereinafter, we desig-
lower troposphere over Syowa Station were identified domi-nate wholly Cl-depleted particles as “modified sea-salt par-
nantly in air masses transported from the Antarctic continenticles”. Less Cl-depleted sea-salt particles and partially CI-
(Hara et al., 2013). Hara et al. (2013) reported that Mg-richdepleted sea-salt particles were divided into “sea-salt parti-
sulfate particles in the Antarctic atmosphere were associatedles” in this study. Modification of sea-salt particles is dis-
with sea-salt fractionation and sea-salt modification. Detailscussed in Sect. 3.6. Although Mg is a major sea-salt con-
of Mg-rich sulfate particles and sea-salt fractionation are dis-stituent, Mg was not detected from aerosol particles contain-
cussed in Sect. 3.7. ing Na, K, and ClI, as portrayed in Fig. 7h. A particularly
Aerosol particles containing Ca and S were also observedtrong K peak relative to Na peak was identified clearly from
in this study (Fig. 7d). Because of the atomic ratios of the particle in Fig. 7h. Na is a dominant constituent in sea-
Ca and S, particles of this type might be CaSgarticles.  salt particles. Therefore, particles of this type were identified
CaSQ particles were identified in the lower troposphere on as “sea-salt-like particles” in this study. The sea-salt-like par-
the Antarctic region (Hara et al., 2010a, 2013). Actually, ticles were observed only at sampling sites on the way from
CasqQ is well known as a major mineral constituent (gyp- Dome F to the meeting point in the incoming traverse on
sum). Moreover, Marion and Farren (1999) and Geilfus et21-23 December 2007 when aerosol particles were collected
al. (2013) pointed out CaSQgypsum) formation by sea- under conditions with drifting snow.
salt fractionation on sea ice in polar regions. However, the In fact, Si, Al, and S were detected from solid particles
origins of CaSQ patrticles in the Antarctic atmosphere re- as shown in Fig. 7i. Results show that Al and Si were major
main unclear. constituents. Therefore, particles of this type might be iden-
Peaks of Na, Mg, S, and Cl were obtained in aerosol pardified as mineral particles. Here, aerosol particles containing
ticles as shown in Fig. 7e. These elements are major seaw&i and Al were classified into “mineral particles”. Further-
ter constituents. When artificial NaCl particles were analyzedmore, stain and satellite structures were observed around ir-
using SEM-EDX, the peak height of Cl was slightly higher regular solid core in some mineral particles. Considering that
than that of Na. Consequently, the particle in Fig. 7e mightS was detected in mineral particles (irregular solid particles)
be identified as partly Cl-depleted sea-salt particles. In addisatellite structure, these particles were likely to be mineral
tion, Na, Mg, and S were detected from the aerosol particleparticle coated by acidic sulfates and$0,. In addition, in-
in Fig. 7f. Compared to the aerosol particle in Fig. 7e, theternal mixtures of minerals and sea-salt particles were often
peak height of S relative to Na was higher in the particle inidentified in this study (Fig. 7j).
Fig. 7f. Additionally, the height of Mg relative to Na was
higher than that of sea-salt particles depicted in Fig. 7d. The3.5 Horizontal distributions of aerosol constituents
particle in Fig. 7f might be identified as a wholly Cl-depleted during the JASE traverse
sea-salt particle with slight Mg-enrichment. Although Na,

Mg, and S were detected from the aerosol particle in Fig. 79;1o compare quantitatively horizontal distributions of each
the peak height of S was lower than the particles in Fig. 7€gerosol constituent and mixing states, we estimated the rel-
f. In addition, the particle in Fig. 7g might be identified as tive abundance (number fraction) of each type of aerosol
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Figure 9. Horizontal features of relative abundance of each aerosol constituéatli coarse andc—d) fine modes during the outgoing
traverse.

constituent. Considering the mean analyzed particles in eactransported over the continent during the 5 days prior. There-
sample in this study, the detection limit of relative abundancefore, isolation from the coastal regions might cause gradual
was ca. 0.1% in fine mode and 1-2 % in coarse mode exdistributions of sea-salt particles and modified sea-salt parti-
cept for samples with lower aerosol density on the substrateles in the continent. The transport pathway, however, cannot
in coarse mode. Figures 8 and 9 show horizontal distribu-account for the high relative abundance of sea-salt particles
tions of relative abundance of aerosol mixing states in coarsand the modified sea-salt particles, for example at 72573
and fine modes during the incoming traverse (14 November-and at 77—786S. As depicted in Fig. 4, the aerosol number
27 December 2007) and the outgoing traverse (27 Decemberoncentrations increased considerably, particularly in coarse

2007-24 January 2008). mode, under strong wind conditions in the incoming traverse
to the meeting point. Consequently, high aerosol number
3.5.1 Sea-salts concentrations and their high relative abundance might result

from redistribution of aerosol particles such as sea-salt par-
In coarse mode, major aerosol particles were sea-salt paficles from the snow surface. Therefore, the horizontal dis-
ticles, modified sea-salt particles and sulfate particles. Theripution of relative abundance of sea-salt particles and the
relative abundance of sea-salt particles in coarse mode wasodified sea-salt particles on the Antarctic continent during
larger than 40% near the coast in the incoming traversesymmer might be associated with the transport pathway and
Relative abundance of sea-salt particles in coarse mode dgelease from the snow surface via wind-blowing.
creased gradually in inland areas, with exception of the high Relative abundance of sea-salt particles and the modified
abundance at sampling sites in 77=86o0n the way from  sea-salt particles in coarse mode ranged mostly lower than
Dome F Station to the meeting point in the incoming tra- 60 % during the outgoing traverse. Although the total rela-
verse (Fig. 8d). As described above, sea-salt-like particlegive abundance of sea-salt particles and the modified sea-salt
(Na—K—Cl) were observed predominantly in coarse mode aparticles in coarse mode was similar to that in the incoming
these sites. With the gradual decrease of the relative abuntraverse except for the high relative abundance under strong
dance of sea-salt particles, the relative abundance of the mogyind conditions, the modified sea-salt particles were dom-
ified sea-salt particles increased gradually up to 40 % on thénant in the outgoing traverse. However, the relative abun-
Antarctic plateau. By contrast, the modified sea-salt particlegjance of sea-salt particles and the modified sea-salt parti-
were dominant in fine mode in the incoming traverse. Be-cles in fine mode was mostly less than 0.5% in inland areas
cause of the predominance of sulfate partiCles in fine mOdeduring the Outgoing traverse. In some samp|es taken on the
the relative abundance of sea-salt particles and the modiantarctic plateau, sea-salt particles and the modified sea-salt
fied sea-salt particles was less than 6.8 % even at latitudegarticles were not detected in fine mode. Compared to the
lower than 72 S and less than 2.8 % at latitudes higher thanhorizontal distributions of sea-salt particles and the modified
72> S during the incoming traverse. According to the 5-day sea-salt particles in fine mode during the incoming traverse,
backward trajectory as depicted in Fig. 3, transport from there|ative abundances of sea-salt particles and the modified sea-

coasts was found only at 69-73 during the incoming tra-  salt particles were remarkably lower. Mass concentrations
verse, whereas air masses in the inland area {Syavere
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of sea salts (N&) in aerosol particles show a minimum at sequently, the relative abundance of sulfate particles in fine
Syowa and Dome F stations during summer (Hara et al.mode near the surface on the Antarctic continent was sim-
2004). In addition, the relative abundance of sea-salt particledar to that in the lower free troposphere over the Antarc-
and the modified sea-salt particles decreased considerabljc coast (Syowa Station). The relative abundance of sul-
over Syowa Station (Hara et al., 2013). Although blizzard at-fate particles in coarse mode often exceeded 40 % on the
tributable to approaching cyclone occurs until early Decem-Antarctic continent during the JASE traverse. Such a high
ber at Syowa Station, few blizzards occur usually in the mid-relative abundance of coarse sulfate particles was not ob-
December—January period (Sato and Hirasawa, 2007). Theerved in the boundary layer but often in the lower free tropo-
seasonal feature of approaching cyclone are closely relatedphere over Syowa Station (Hara et al., 2013). As described
to the origins of air masses over the Antarctic continent, asabove, “sulfate particles” in this study did not contain Na,
suggested by Suzuki et al. (2013). Therefore, the differencéil, and Si. Therefore, these particles might be composed of
of the relative abundance between in the incoming traverseSd{ and CHSQ; as suggested by Hara et al. (2005). In
and in the outgoing traverse might correspond to seasonaddition, chemical tests using the Ca thin-film method im-
features of sea-salt particles, air mass origins, and transpoglied that aerosol particles containing $Owere present
pathway from the end of spring to summer on the Antarcticas acidic states (i.e., sulfuric acid particles) (Yamato et al.,

continent. 1987a, b). Consequently, sulfate particles might be grown to
coarse mode through (1) hygroscopic growth, (2) cloud pro-
3.5.2 Sulfates cesses, (3) heterogeneous sulfate formation and (4) coagula-

tion and condensation of condensable vapours (e £5CH

As classified in Sect. 3.4, the following aerosol particles gas) under conditions with low number concentrations of
containing sulfates were identified in this study: (1) sulfate pre-existing particles on the Antarctic continent.
particles, (2) modified sea-salt particles, (3) sulfate parti- The relative abundance of K-rich sulfate particles ranged
cles containing K, (4) MgS@particles, (5) CaS@particles,  from not detected (n.d.) to 2.0 % in coarse mode and ranged
and (6) mineral particles internally mixed with sulfates. Be- from n.d. to 0.9 % in fine mode in this study. Although K-rich
cause horizontal distributions of the modified sea-salt par-sulfate particles were obtained in a few samples in coarse
ticles and mineral particles internally mixed with sulfates mode, these particles were observed often in fine mode in
were described in Sects. 3.5.1 and 3.5.3, respectively, theithis study. Moreover, K-rich sulfate particles were often ob-
description is excluded from this section. served in the incoming traverse. In addition, the relative

Figures 8 and 9 show that sulfate particles were the majoabundance of K-rich sulfate particles in the incoming tra-
aerosol particles in coarse mode and that they were domiverse was higher than that in the outgoing traverse. K-rich
nant in fine modes. Particularly, the mean relative abundancsulfate particles were also distributed in the boundary layer
of sulfate particles in fine mode was 98.5 % in the incomingto the upper free troposphere over Syowa Station (Hara et
traverse and 99.5% in the outgoing traverse. In some samal., 2010b, 2013). Actually, K-rich sulfate particles cannot
ples taken on the Antarctic plateau, the relative abundance dfe formed through gas-to-particle conversion from aerosol
sulfate particles in fine mode reached 100 % in incoming andprecursors derived from oceanic bioactivity. Therefore, K-
outgoing traverses. Considering detection limits of the rela-rich sulfate particles might be non-biogenic aerosol parti-
tive abundance in fine mode, the upper limit of relative abun-cles. As discussed by Okada et al. (2001, 2008) and Niemi et
dance of aerosol particles other than sulfate particles mighal. (2005), K-rich sulfate particles and nss-K in aerosol parti-
be less than 0.1 % in these samples (100 % abundance of sultes are released from combustion processes such as biomass
fate particles). Higher relative abundance of sulfate particlesburning.
in the outgoing traverse is likely to result from (1) increase of ~ As discussed above and by Hara et al. (2013), K-rich sul-
the number concentrations of sulfate particles in fine modefate particles might have originated from biomass burning
by particle growth of ultra-fine sulfate particles by hygro- and fossil fuel combustion. As shown in Fig. 3, direct trans-
scopicity, (2) cloud processes, and (3) decrease of the numbegort from outsides of the Antarctic Circle was not found for
concentration of sea-salt particles and the modified sea-sathe 5 days prior. Moreover, the source strength of combus-
particles during the summer. Indeed, mass concentrations dfon of fossil fuel is extremely low in Antarctic regions. Par-
nss-S(ﬁ_ and sea-salts (N3, respectively showed a maxi- ticularly, biomass burning does not occur in the Antarctic re-
mum and minimum in the summer (January—February) alonggions. Therefore, sulfate particles containing K were likely
the Antarctic coast and inland (e.g., Minikin et al., 1998; to have been transported to the Antarctic continent via the
Hara et al., 2004; Weller and Wagenbach, 2007; Preunkert éree troposphere during summer for the 5 days prior. The
al., 2008; Udisti et al., 2012). The relative abundance of sul-presence of combustion-origin aerosol particles (e.g., sulfate
fate particles in fine mode was 82.9-98.2 % (mean, 93.1 %particles containing K) was supported by high BC concentra-
in the boundary layer and 96.2—99.7 % (mean, 98.1 %) in thdions at the South Pole in the summer (Bodhaine, 1995). This
lower free troposphere over Syowa Station, Antarctica dur-difference of relative abundance in incoming and outgoing
ing mid-November through January (Hara et al., 2013). Con-raverses might be attributed to seasonal features of K-rich
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sulfate particles, air mass origins, and transport pathway ircles (mainly mineral particles) in ice cores taken in Antarc-
the inland area during late spring-summer. tica (e.g., Ram et al., 1988; Delmonte et al., 2004, 2007). In
The relative abundance of Mg-rich sulfate particles (prob-contrast, external mixing states of mineral particles were of-
ably MgSQ;) examined in this study ranged from n.d. to ten present in the boundary layer and free troposphere over
1.8% in coarse mode and ranged from n.d. to 0.5 % in fineSyowa Station located at the coast (Hara et al., 2006, 2013).
mode. During the incoming traverse, Mg-rich sulfate parti- The difference of mixing states of mineral particles suggests
cles were found frequently in fine mode at sampling sites inthat they changed gradually to internal mixtures through co-
69.2-72.8 S, although those were observed in some aerosolgulation in cloud processes, and through heterogeneous re-
samples collected at plateau sites. However, Mg-rich sulfatections during their transport to inland areas. As described
particles were identified mainly on the Antarctic plateau dur- above, a change of mixing state of mineral particles can en-
ing the outgoing traverse. The relative abundance of Mg-richgender particle sizes greater than the external mixing states
sulfate particles was lower in the outgoing traverse than thabf mineral particles. Because of the higher dry deposition
in the incoming traverse. Mg-rich sulfate particles were dis-velocity of coarse aerosol particles, internal mixing among
tributed mostly in fine mode over Syowa Station (Hara et al.,minerals, sulfate, and sea-salts during transport might en-
2013). An earlier investigation (Hara et al., 2013) showedhance the efficient deposition of minerals onto the snow sur-
that Mg-rich sulfate particles were associated with sea-salface on the Antarctic continent.
fractionation (Mg separation) and modification (Cl loss by
heterogeneous reactions). Consequently, the presence of Mg-6 Sea-salt modification during the JASE traverse
rich sulfate particles in the atmosphere near the surface on
the Antarctic continent in this study strongly suggests that3.6.1 Sea-salt modification in coarse and fine modes

sea-salt fractionation occurs on the Antarctic continent dur-

ing summer. Details of sea-salt fractionation are discussed iffigure 10 portrays examples of ternary plots (Na-S-Cl) of
Sect. 3.7. sea-salt particles and the modified sea-salt particles during
Relative abundance of Ca-rich sulfate particles (probablythe® JASE traverse. To avoid misunderstanding of sea-salt
CaSQ) ranged from n.d. to 8.7 % in coarse mode and rangedﬂodlflca'uon, the internal mixed sea-salt and mineral parti-
from n.d. to 0.2% in fine mode in the incoming traverse. cles were excluded from the ternary plots and discussion.
However, the relative abundance of Ca-rich sulfate particled?€d and blue stars respectively denote atomic ratios of bulk

in the outgoing traverse was n.d. in coarse mode and rangeggawater ratios and wholly CI depleted sea-salt particles by
fromn.d. to 0.1 % in fine mode. Although Ca-rich sulfate par- SQ; . The black line represents the stoichiometric line from

ticles were not detected in most samples in either traversedhe sea salt particles with bulk seawater ratio (red star) to the
Ca-rich sulfate particles were identified mainly near coasts_él'depleted sea salt particles by sulfates (blue star). When Cl
(<72 S). Although Ca-rich sulfates such as gypsum are min-in sea-salt particles is replaced stmchmmetnc_allyjt(ﬁS_@y_

eral components, most Ca-rich sulfates were not mixed Withheterogeneo_us reactions, each sea salt particle is distributed
Al and Si, which are major elements of mineral particles. 3l0ng the stoichiometric line. _
Consequently, horizontal distributions and external mixing Most sea-salt particles in coarse mode had Cl ratios lower

states of Ca-rich sulfates imply the important contribution of than the seawater ratio in this study. Although S ratios in-
non-mineral origins such as sea-salt fractionation on sea ic€"®@sed gradually with decreased Cl ratios in sea-salt parti-

as reported by Geilfus et al. (2013). cles, the S ratios in sea-salt particles were less than those
of the stoichiometric line on the Antarctic continent during
35.3 Minerals summer, which suggests that sea-salt particles were modi-

fied not only with S@* but also with acidic species other

The relative abundance of mineral particles ranged in n.d.than acidic sulfur species such as SOPlausible acidic
14.6% in coarse mode and n.d.—0.4% in fine mode durspecies other than ﬁOand CHSQ; for Cl loss from sea-
ing the incoming traverse, although the relative abundancesalt particles are reactive nitrogen oxides such as EINO
ranged in n.d.—5.7 % in coarse mode and n.d.—0.1% in finéN2Os, and NG (e.g., Hara et al., 1999) and organic acids
mode during the outgoing traverse. Mean relative abundancéerminen et al., 2000; Laskin et al., 2012). Previous stud-
in coarse mode was 3.8 and 1.8% in incoming and outgoies of aerosol chemistry in Antarctic regions showed that
ing traverses, respectively, and that in fine mode was 0.INO3 concentrations were higher than those of organic acids
and 0.01% in incoming and outgoing traverses. Most min-(oxalate, formate, and acetate) (Jourdain and Legrand, 2002;
eral particles were internally mixed with sea-salts or sulfatesWeller et al., 2002, 2007; Rankin and Wolff, 2003; Legrand
in this study. Although the mineral particles were observedet al., 2004; Hara et al., 2010a; Weller et al., 2011). Further-
mainly in coarse mode, SEM-EDX analysis showed that themore, higher concentrations of reactive nitrogen oxides (e.g.,
size of irregular solid cores containing Al and Si was of sub- HNOsz and NO) were observed on the Antarctic continent and
micrometre in this study. The size of irregular solid cores wascoasts during summer (Davis et al., 2004; Dibb et al., 2004;
coincident with the size distribution of water-insoluble parti- Jones et al., 2011). Details of origins of the reactive nitrogen
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Figure 10. Ternary plots (Na-S-Cl) of sea-salt particles in coarse and fine modes during the JASE traverse. Red, and blue stars respectively
denote atomic ratios of (1) bulk seawater, and (2) wholly Cl depleted sea-salt particles with sulfates. Black lines represent stoichiometric
lines among constituents.

oxides are discussed in the next section. Therefore, hetergarticles are 0.5. As suggested in ternary plots in Fig. 10,
geneous N@ formation on sea-salt particles might make an therefore, NQ contributed dominantly to sea-salt modifica-
important contribution to sea-salt modification in inland ar- tion in coarse mode on the Antarctic continent.
eas during summer. In contrast to sea-salt modification in Hara et al. (2005, 2013) reported that most sea-salt par-
coarse mode, most of the modified sea-salt particles in findicles in coarse mode were modified slightly over Syowa
mode were distributed in the Cl ratio of ca. 0 % and higher Sstation in the summer. Some were modified with ESO
atomic ratio relative to the modified sea-salt particles. There-Consequently, the acids contributing to sea-salt modifica-
fore, fine sea-salt particles on the Antarctic continent mighttion differed between those in coarse sea-salt particles on
be modified preferentially with acidic sulfur species such asthe Antarctic coasts and those on the continent during sum-
so}; and CHSG;. mer. The air mass history and origins of coarse sea-salt parti-
cles, NG, and its precursors on the Antarctic continent must
3.6.2 Horizontal features of sea-salt modification on the be discussed to elucidate the strong contribution ofN®
Antarctic continent sea-salt modification. The 5-day backward trajectory, as de-
picted in Fig. 3, shows that continental air masses on the
Figures 11 and 12 respectively portray horizontal features ofAntarctic plateau had not been transported directly from the
the atomic ratios of Cl/Na and S/ Na of sea-salt particles androasts during the 5 days prior. Because of efficient dry depo-
the modified sea-salt particles in coarse and fine modes dusition of coarse aerosol particles, coarse particles suspended
ing the incoming and outgoing traverses. The internal mix-at the Antarctic coasts might be transported only slightly to
ing particles between sea salts and minerals were excludefle Antarctic continent (particularly the Antarctic plateau)
from the box plots. A latitudinal gradient of Cl/Na ratios for longer than 5 days. As discussed in Sects. 3.2 and 3.5.1,
in coarse mode was observed in 69=%lin the incoming  Most coarse sea-salt particles on the Antarctic plateau were
traverse. High Cl depletion was identified in most aerosollikely to have originated from surface snow on the Antarc-
samples obtained for the Antarctic plateau, except for somdiC continent. Figures 11 and 12 show that high Cl/Na ra-
samples taken at 76.5-78 in the incoming traverse from tios on the Antarctic plateau often corresponded to condi-
Dome F to the meeting point. In spite of the latitudinal gradi- tions with strong winds and drifting snow. Consequently, sea-
ent of Cl/Na ratios in coarse mode in 692H&lin theincom-  salt particles might have high ClI/Na ratios immediately af-
ing traverse, the S/Na ratio increased slightly. Similarly, me-ter release from the snow surface. Then, sea-salt particles in
dian S/Na ratios of sea-salt particles and the modified seacoarse mode might be modified gradually with reactive ni-
salt particles in coarse mode were distributed approximatelyirogen oxides such as HNOn the continental atmosphere
around 0.2 during the JASE traverse. When sea-salt particleduring transport over the Antarctic continent.
are modified solely with S§¥, the S/Na ratios in sea-salt
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Incoming traverse Incoming traverse tration during summer on the Antarctic plateau might engen-
S$16 - DF DF - Meeting point

1.0 Coares moda der efficient HNQ production near the surface, as suggested
? ﬁ by Dibb et al. (2004) and Huey et al. (2004). Considering the
35: % é@lé; Lg 1 ,é_,,é;ég %; high NGy concentrf_;ltion in the surface snow ground Queen
‘ ‘ ‘ e T Maud Land, especially around Dome F Station (Bertler et
154 ié EL EME al., 2005), considerable HNGproduction in the atmosphere
os _ might occur on the Antarctic plateau. Therefore, sea-salt
B Eé%éég%g = ?%%;éé% ‘ Liﬁ modification in coarse mode through heterogeneous reac-
Fine mode tions with reactive nitrogen oxides (mainly HNOmight oc-

cur preferentially on the Antarctic continent during summer.
— By contrast, S/Naratios in fine sea-salt particles exceeded
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S/Na
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. %% ] Finemode | mostly 0.5 during the traverse. The high S/Na ratios in each
% 15 ﬁg Qé, ,%% i = 1— EEB sea-salt particle in fine mode imply that sulfates were formed
05 @% B B . on the fine sea-salt particles through heterogeneous reactions
0 7 a 7 878 77 76 75 with gaseous sulfur species such asSHy and SQ. High
Latitude, °S Latitude, °S S/Na ratios in the modified sea-salt particles were also ob-

tained in the boundary layer and lower free troposphere over
. : ; ) . Syowa Station during summer (Hara et al., 2013). Because of
in coarse and fine modes during the incoming traverse. In box plots . . . .

) . ; -~ "the longer residence time of fine aerosol particles, the mod-
the top bar, top box line, black middle box line, bottom box line, ified | icl in fi d ith hiah S/N )
and bottom bar respectively denote values of 90, 75, 50 (median)', '_e sea-salt p_artlc es in fine mode with hig 8 a ratio
25. and 10 %. The red line shows mean values. might be supplied by transport from coastal regions to the

continent and might be formed through heterogeneous pro-

cesses during transport.

Figure 11.Horizontal features of atomic ratio of Cl/Na and S/Na

Outgoing traverse Outgoing traverse
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0.8 Coaree mode 3.7 Sea-salt fractionations on the Antarctic continent

during summer

Cl/Na
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3.7.1 Sea-salt fractionations in coarse and fine mode

S/Na
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0:5: éé%é;éééé QE ééf_ éé é&g Figure 13 shows examples of ternary plots of sea-salts (Na,

10 — Mg, and S) and Mg-rich sulfates in coarse and fine modes.
Internal mixtures of sea salts and minerals were removed
from the ternary plots. In the ternary plots, sea-salt particles
‘ - with bulk seawater ratio are distributed around the red star
- Fine mode (bulk seawater ratio). When the sea-salt particles are modi-
%%Biagiii - fied by sulfate and are not fractionated, they are distributed
‘ ‘ ‘ ‘ I around the stoichiometric line between the red star (seawater
70 72 74 76 78 78 77 76 ratio) and the blue star (modified sea-salt ratio with sulfate).
Latitude, °S Latitude, °S With sea-salt fractionation by precipitation of Na salts such
Figure 12. Horizontal features of atomic ratio of Cl/Na and S/Na as mirabilite (NaSO 10H20) and hydrohallte (NaCl ZW)_
in coarse and fine modes during the outgoing traverse. In box plots{Hara et al., 2012), Mg in sea-salt particles can be enriched
the top bar, top box line, black middle box line, bottom box line, gradually. For cases in which sea-salt fractionation (replace-
and bottom bar respectively denote values of 90, 75, 50 (median)ment between Na and Mg) occurs without sea-salt modifica-
25, and 10 %. The red line shows mean values. tion by sulfate, sea-salt particles are distributed around the
stoichiometric line between the red star (bulk seawater ratio)
and the cyan star (Mggl. When sea-salt fractionation and
Field measurements of the surface snow in polar regionsea-salt modification by sulfate occur stoichiometrically and
(e.g., Davis et al., 2001, 2004; Frey et al., 2009; Jones etimultaneously, sea-salt particles are distributed around the
al., 2011) implied photochemical-recycling mechanisms ofstoichiometric line between the red star (seawater ratio) and
snow-nitrate near the surface of polar regions during sum+the green star (MgS£).
mer. Indeed, high NO concentrations (order of several hun- Because sea-salt particles were modified dominantly dur-
dred pptv) were observed at the South Pole Station duringng JASE (as shown in Figs. 10-12), most sea-salt particles
summer (Davis et al., 2001; Huey et al., 2004; Helmig et al.,and the modified sea-salt particles in coarse mode were dis-
2008; Neff et al., 2008). Actually, NOcan be converted to tributed in 60—90 % of the Na atomic ratio. The Mg ratios in
HNOs in the atmosphere. Therefore, the high Nédncen-  coarse mode, however, were greater than the stoichiometric

Cl/Na
|

S/Na

BA-
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Figure 13. Ternary plots (Na-Mg-S) of sea-salt particles in coarse and fine modes during the JASE traverse. Red, blue, cyan, and green stars
respectively denote atomic ratios of (1) bulk seawater, (2) wholly ClI depleted sea-salt particles with sulfates, 3)akidC4) MgSQ.
Blue, pink, and red lines represent stoichiometric lines among constituents.

line of sea-salt modification (between the red star and bluedepicts horizontal features of Mg/Na ratios in coarse and
star). Some of the modified sea-salt particles had Mg rafine modes during the JASE traverse. Internal mixtures of
tio ~0, even in coarse mode. The Mg ratios in fine modesea salts and minerals were removed from the plots. Mg/Na
were distributed at Mg ratiez 0 and around the stoichio- ratios in fine mode were varied largely in coming traverse.
metric line between the red star (seawater) and green staBecause of lower relative abundance of sea-salt particles and
(MgSQy). Here, we designate sea-salt particles with Mg ra-the modified sea-salt particles in fine mode, horizontal fea-
tio ~0 as “Mg-free sea-salt particles”. In addition to Mg- tures of Mg/ Na ratios in fine mode were obtained only in
free sea-salts, MgSparticles were often observed in this 69-73.5 S in the incoming traverse. The large variation of
study, as shown in Figs. 7-9 and 13. Similar distributionsMg/Na ratios might be attributed to presence of Mg-rich
were observed in sea-salt particles and the modified sea-sadkea-salt particles and Mg-free sea-salt particles in fine mode,
particles collected over Syowa Station (Hara et al., 2013).as shown in the ternary plots (Fig. 13). Median Mg/Na ra-
The Mg/ Na ratios cannot be changed by sea-salt modificatios in coarse mode were approximately 0.32 in the incom-
tion. Sea-salt fractionation in sea ice regions during wintering traverse and 0.31 in the outgoing traverse. Because of
through spring (e.g., precipitation of mirabilite and hydro- Mg/Na ratio~ 0.11 in bulk seawater (e.g., Wilson, 1975),
halite) can promote Mg enrichment in sea-salt particles, advig might be enriched in most sea-salt particles in coarse
reported by Hara et al. (2012). Consequently, sea-salt fracmode. In addition, Mg-free sea-salt particles (Mg/Na ratio
tionation in sea ice regions cannot account for the presence-0) in coarse mode were identified often on the Antarctic
of Mg-Free sea-salt particles during spring-summer. Becauseontinent, particularly on the Antarctic plateau. For exam-
Mg-rich sulfate particles over Syowa Station were identified ple, Mg-free sea-salt particles in coarse mode were domi-
in the air masses from the Antarctic continent (Hara et al.,nant in three samples taken on 21-23 December 2007 (76.6—
2013), discussion must address horizontal features of Mg76.% S) in the traverse from Dome F to the meeting point, as
rich sulfates, Mg-rich sea-salt particles and Mg-free sea-salshown in Fig. 14. The presence of Mg-free sea-salt particles
particles on the Antarctic regions. Then it will be possible to in coarse mode corresponded often to occurrence of drifting
assess the possibility of sea-salt fractionation on the Antarcsnow and high aerosol number concentrations in coarse mode
tic continent. in the incoming traverse. Mg-rich sea-salt particles, Mg-free
sea-salt particles, and MggQ@articles were present also in
fine mode on the Antarctic continent, although the low rela-
tive abundance of sea-salt particles and the modified sea-salt
particles prevented us from elucidating the horizontal fea-
To elucidate sea-salt fractionation on the Antarctic conti-.tures of Mg/Na ratios on the Antarctic plateau. These hor-

. . izontal features of Mg/Na ratios during the JASE traverse
nent during summer, we must compare horizontal features

of sea-salt constituents on the Antarctic continent. Figure 14mply strongly that the fractionated sea-salt particles were

3.7.2 Horizontal features of sea-salt fractionation on the
Antarctic continent
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Farren, 1999; Hara et al., 2012). The air temperature on the

1.2
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2 98 ] Antarctic plateau was often below30°C even during sum-

S 041 %g%%%%% pE =T8 55%%%%%% ] Iﬁ mer, as presented in Fig. 2 and previous investigations (King
00 w w w w f—— et al., 2006; Hirasawa et al., 2013). Air temperature might
12 : p g

S 08 Fine mode, 7 constitute an important condition for some sea-salt precipita-

ga 58] é % é é% % 1 - tion (e.g., ca—34 and—36°C for KCl and MgC} 12 H,0),

06 - :E 8 d N ] ‘HHﬂ as discussed by Marion and Farren (1999). Unlike sea-salts in

« 05 JOugong traverse Coarse mode| | seawater, however, sea-salts in snow on the Antarctic content

< 067 ] were supplied solely by deposition of sea-salt particles that
0.4 4 -

=3 027 é%%é%%%%% éé é?%$% 1 %%ﬁ% % had been transported from coastal regions. When Mg sepa-
10 ! ! ! e T ration is controlled only by lower temperatures, Mg-free sea-

2 o8] ] salt particles, Mg-rich sea-salt particles, and Mg-rich sulfate

203 T ;LQ . 1 particles can be present in the Antarctic regions. However,
0.0~ D ‘ A Mg-free sea-salt particles were not observed over Syowa Sta-

70 72 Lt js“ & & 7fatit:<i7e 0;6 tion during winter in the air masses transported from the con-
’ ’ tinent and coastal regions (Hara et al., 2013). This result im-
Figure 14. Horizontal features of the atomic ratio of Mg/Na in plies that Mg separation was controlled not only by lower air
coarse and fine modes during the incoming traverse. In box plotstemperature but also by other factors.
the top bar, top box line, black middle box line, bottom box line, Figure 2 show that the air temperature near the surface
and bottom bar respectively denote values of 90, 75, 50 (median)yaq djurnal change also in continental areas. Furthermore,
25, and 10 %. The red line shows mean values. strong diurnal change of air temperatures and solar radia-
tion engender water sublimation on the snow surface of the
Antarctic continent (e.g., Kameda et al., 1997; Motoyama
distributed widely throughout the Antarctic continent during et al., 2005). With strong diurnal change of the air temper-
summer. Mg-free sea-salt particles were identified mainly inature, the relative humidity might exhibit a diurnal change
fine mode and rarely in coarse mode over Syowa Statiomear the snow surface on the Antarctic continent during sum-
(Hara et al., 2013). Figure 3 shows that air masses on thener. Actually, relative humidity reached ca. 100 % during the
Antarctic plateau were isolated from coastal regions for thelocal night-time and reached a minimum in the afternoon at
5 days prior. The lower relative abundance of Mg-free sea-Kohnen Station during summer (Van As et al., 2005). The
salt particles in coarse mode over Syowa Station suggestdiurnal variation of the relative humidity can engender (1)
that Mg-free sea-salt particles and other fractionated sea-safthase transformation by deliquescence of available sea-salts
particles such as Mg-rich sulfates and Mg-rich sea-salts hadn surface snow, (2) condensation and re-freezing of water
not originated from coastal regions, considering the efficientvapour (e.g., formation of surface hoar) during local night-
dry deposition of aerosol particles in coarse mode. Aerosotime, and (3) enhancement of quasi-liquid layer and super-
particles on the Antarctic plateau, especially in coarse modegold liquid on the surface snow. Laboratory experiments con-
were supplied to a marked degree from snow surface by windlucted for earlier studies (e.g., Ge et al., 1998; Wise et al.,
blowing under strong conditions, as described above. Fur2009, Woods et al., 2010) revealed that chemical constituents
thermore, Mg-rich sulfates and Mg-free NaCl were presentwith lower deliquescence relative humidity (DRH) can be
in surface snow (lizuka et al., 2012). Therefore, the fraction-localized in the outer layer (surface) around a solid core
ated sea-salt particles (Mg-rich sea-salt particles, Mg-freghrough phase transformation by deliquescence. Although
sea-salt particles, and Mgg@articles) might have origi- relative humidity was minimal in the afternoon at Kohnen
nated from surface snow on the Antarctic continent. Consid-Station (Van As et al., 2005), the minimum relative humid-
ering that Mg-free sea-salt particles were often observed unity (~ 89 %) was often higher than the deliquescence rela-
der strong wind conditions (especially on 21-23 December)tive humidity (DRH) of plausible sea-salts. Some examples
strong winds might be necessary for the release of Mg-freare the following: NaCl, 75 % (Tang and Munkelwitz, 1993);
sea-salt particles. NapSQy, 84 % (Tang and Munkelwitz, 1994); NaNQ75 %

To explain the presence of Mg-rich sea-salt particles, Mg-(Tang and Munkelwitz, 1994); Mggl6H,0O, 33 % (Kelly
free sea-salt particles and Mgg@articles on the snow sur- and Wexler, 2005); MgS%) 42 % (Wang et al., 2008); and
face of the Antarctic continent, it is necessary to discuss MgKClI, 84 % (Tang, 1980). Most plausible sea-salts can be
separation processes. Redistribution of chemical constituentaholly deliquescent even under minimum relative humidity
can occur through (1) seawater freezing (Marion and Far{~ 89 %) on the Antarctic continent. Therefore, phase trans-
ren, 1999; Hara et al., 2012), and (2) phase transformation bjormation by deliquescence/ efflorescence might not be a key
deliquescence and efflorescence (e.g., Ge et al., 1998; Wigsrocesses for Mg separation. With diurnal features of air
et al., 2009; Woods et al., 2010). Sea-salt fractionation intemperature and relative humidity, re-condensation of water
seawater freezing depends on the temperature (Marion andapour on the snow surface during the local night-time might
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induce enhancement of supercooled water in nanometre-tcsea-salt fractionation (Mg separation in sea-salts) occurs in
micrometre scales, a quasi-liquid layer, the re-freezing ofsurface snow on the Antarctic continent.

water vapours and super-cold water such as is evident in a

hoar formation. Particularly, re-freezing processes on surface
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