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ABSTRACT
Sampling of atmospheric aerosol particles was carried out at Syowa station, Antarctica (39.58°E, 69.00°S) in 1998. For
a better understanding of sea-salt chemistry in the coastal Antarctic regions, individual sea-salt particles were analysed
using a scanning electron microscope equipped with energy dispersive X-ray spectrometer (SEM-EDX). Individual
particle analysis indicates that more sea-salt particles were modified in fine particles (0.2-2 um in diameter) through
heterogeneous reactions mainly with gaseous sulfur species in the summer and reactive nitrogen oxides in the winter—
spring. In particular, sea-salt particles in the coastal Antarctic atmosphere may be modified by heterogeneous reactions
withnotonly SO, and H>SOy4 but also volatile sulfur species (e.g. CH3SO3H, DMS and DMSO) derived from bioactivity
on the ocean surface during the summer. Also, low air temperature and a larger extent of sea ice offshore Syowa probably
enhanced release of fractionated sea-salt particles (S-rich, Mg-rich, K-rich and Ca-rich) from the surface of snow and
sea ice, particularly in September—October 1998. In addition, we attempt to estimate the scavenging rate of atmospheric
sulfur species and reactive nitrogen oxides by dry deposition of sea-salt particles. Our estimation suggests that the upper
limit of the scavenging rate of atmospheric sulfur species by sea-salt particles could rise to approximately 0.5 nmol m~>2
day~! at Syowa station during the summer. This value corresponded to about 30% of the concentration of particulate
sulfur species such as non-sea-salt (nss)—SOi’ and CH3S0;3 and ~10% of total atmospheric sulfur species (nss—SOi’,
CH3S0; and SO3). In contrast, the estimated NO3™ scavenging rate by sea-salt particles was ~0.2 nmol m~2 day~!,
which is similar to the dry deposition rate of HNO3+N,Os (approximately 0.2-0.3 nmol m~2 day~!). Hence, sea-salt

particles probably play an important role as scavengers of acidic species in the coastal Antarctic regions.

1. Introduction

In the lower troposphere, sea-salt particles can act as a source of
reactive halogen species, cloud condensation nuclei (CCN) and
cause atmospheric scattering of solar radiation. According to
Quinn et al. (1996, 2000) and Murphy et al. (1998), sea-salt par-
ticles contribute significantly to aerosol optical properties in the
remote marine boundary layer (MBL) and the Southern Ocean.
Furthermore, some investigations have shown preferential C1~
liberation (Mouri et al. 1997, 1999; Jourdain and Legrand, 2002;
Haraet al., 2004) and Br~ liberation (Hara et al., 2004) from sea-
salt particles in the Antarctic atmosphere in spite of its very clean
air. Individual particle analysis of aerosol particles sampled in
the coastal Antarctic area during the summer indicated that pref-
erential C1~ liberation occurred due to acidic sulfur species such
as SOi_, CH;3S0; and their precursors (Wouters et al., 1990;
Hara et al., 1995; Mouri et al., 1997, 1999). In addition to acidic
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sulfur species, sea-salt modification (e.g. C1~ modification) can
be caused by heterogeneous reactions with reactive nitrogen ox-
ides such as HNO; and N,Os in the polar regions during trans-
port (Hara et al., 1999). Since halides are liberated from sea-salt
particles to the atmosphere (gaseous phase) via these heteroge-
neous reactions, sea-salt modification can thus simultaneously
be an important source of gaseous and reactive inorganic halogen
species.

From the viewpoint of the atmospheric cycles of acidic gases
and reactive species, sea-salt modification (halogen liberation)
with them can play an important role in both source and scaveng-
ing processes. The mode of sea-salt particles was distributed at
approximately 2 um (diameter) in the coastal Antarctic area dur-
ing the summer (Kerminen et al., 2000; Jourdain and Legrand,
2002), although the mode in the summer was lower than in the
MBL over the open water due to the presence of sea ice. An-
ticipating that the larger sea-salt particles will have a shorter
lifetime due to dry deposition, it is expected that sea-salt parti-
cles will play a role as scavengers for acidic species through
heterogeneous processes and dry deposition in the coastal
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Antarctic area. Sievering et al. (1992) also pointed out the
possibility that the heterogeneous SO, oxidation in sea-salt par-
ticles constitutes a rapid cycling pathway by way of preferential
dry deposition in the MBL. Indeed, individual particle analy-
sis indicated that some sea-salt particles containing SOi_ and
CH;SO0j3 in the coarse mode are present in the Antarctic atmo-
sphere (Wouters et al., 1990; Hara et al., 1995).

Since the hypothesis was first proposed by Charlson et al.
(1987), the climate-feedback system involving biogenic activity
in the ocean has become of increasing interest in the remote MBL
(particularly in the coastal Antarctic regions). With significant
scavenging of the biogenic gases by aerosol particles, however,
the scavenging of gaseous species such as DMS and its products
by sea-salt particles can lead to reduced formation of new parti-
cles and hence a false estimate of the aerosol effect on climate
change. Although the concentration of particulate acidic species
in sea-salt particles has often been assumed by bulk aerosol anal-
ysis, actual mixing states between acidic species and sea-salt
particles still remain uncertain. For accurate estimation of the
scavenging rate of acidic gases by dry deposition of sea-salt par-
ticles, therefore, we must determine the concentrations of acidic
species in individual sea-salt particles in addition to the ambient
concentrations of acidic gas.

Because of lower air temperatures, fractionated sea-salt par-
ticles originating from sea-salt fractionation on the surface of
sea-ice and snow are present in the Antarctic atmosphere, par-
ticularly in the austral winter—spring (Hall and Wolff, 1998;
Wagenbach et al., 1998; Osada et al., 2001; Hara et al., 2004a).
According to laboratory measurements (Richardson, 1976;
Marion et al., 1999), formation of fractionated sea salts such
as Na,SO4e10H,0 (mirabilite), KCl (sylvite), MgCl,e12H,0,
CaSO,4e2H,0 (gypsum) and CaCl,e6H,0 (antarcticite) depend
on the ambient temperature during freezing and sublimation. As
these compounds have a quite different hygroscopicities (deli-
quescence point) from the major components of sea salts (NaCl,
76.3%), for example MgCle12H,0 (35%), CaCl,e6H,0 (40%)
and Na,SO, (84.2%) (Pruppacher and Klett, 1978; Finlayson-
Pitts and Pitts, 2000), sea-salt fractionation can result in changes
of hygroscopicity and the ability to form CCN. However, the
seasonal variations of their mixing states in individual aerosol
particles have not been determined in the polar regions.

The present study aims to understand the variation of sea-salt
constituents in individual sea-salt particles and the role of atmo-
spheric chemical processes in the Antarctic atmosphere (coast
of East Antarctica and East Dronning Maud Land). Here, we
focus especially on sea-salt modification, fractionation and the
scavenging of acidic gases by dry deposition of sea-salt particles
in the coastal Antarctic regions.

2. Sample and analysis

2.1. Individual particle analysis of sea-salt particles

Aerosol samples for individual particle analysis were collected
at Syowa station (39.58°E, 69.00°S, ca. 30 m above sea level)
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approximately once a week, from March until October 1999
using a two-stage low-volume impactor (LVI). In order to pre-
vent contamination from station activity, the sampling loss of
coarse sea-salt particles and sampling artefact arising, for exam-
ple, from evaporation and vaporization of aerosol constituents,
aerosol sampling using a portable LVI sampling system was
carried out for 10 min to about 1 h at a flow rate of 1.2 1
! at a windward position in the ambient air (outside the
building). For the LVI sampling, two kinds of sampling sub-

min~

strates were used: (1) carbon-coated collodion thin film for
chemical analysis using energy dispersive X-ray spectrometry
(EDX) and (2) Nitron-coated collodion thin film for identifi-
cation of NOj in aerosol particles. Details of sample treat-
ment in the case of substrate (2) are given in Hara et al.
(1999).

Collected aerosol samples were immediately stored in
polyethylene capsules. Nitron samples were treated with octanol
vapour after sampling. The polyethylene capsules containing the
aerosol samples were packed into zipped polyethylene bags.
They were subsequently placed in an airtight box with silica
gel until the observation using a scanning electron microscope
equipped with EDX (SEM-EDX) in order to prevent morpho-
logical chemical changes during sample storage.

To reduce sample damage due to electron beam radiation
in SEM-EDX analysis, post-carbon coating was done on each
aerosol sample. Individual sea-salt particles were observed and
analysed using a SEM (SEM-EDX; S-3000N, Hitachi) and EDX
(EMAX-500, Horiba) equipped with an ultra-thin window detec-
tor (S-798, Horiba). EDX area analysis was performed with an
accelerating voltage of 20 kV for 30 s counting time. Although
the EDX used in the present study was able to detect light ele-
ments such as C, N and O, high EDX background peaks from
the collodion thin film used as the sampling substrate rendered
the analysis uncertain. We therefore exclude these light elements
(C, N and O) from our further discussion.

In the high-vacuum environment of SEM-EDX (~10~° Torr),
it is impossible to observe the ambient aerosol particles ex-
actly as they are found in the atmosphere. Although evidence
of a liquid phase in aerosol particles (e.g. sea-salt particles)
in the winter/spring Arctic boundary layer was obviously ob-
served by SEM-EDX measurements (Hara et al., 1999), a sig-
nificant fraction of the liquid phase must be lost owing to
the high vacuum in the SEM chamber. Fortunately, however,
Sheridan et al. (1993) pointed out that the detectable X-ray
signature of aerosol constituents (e.g. S, O, N) was insignifi-
cantly affected by water volatilization under the conditions of
SEM-EDX. Furthermore, Pardess et al. (1992) also indicated
that evaporation of aerosol constituents was negligible during
exposure to the electron beam under analytical conditions with
an accelerating voltage of 15-25 kV and 100 s counting time.
Bearing in mind our analytical conditions (accelerating voltage
20 kV; counting time 30 s), we anticipate that the analytical arte-
fact for the species of interest in the present study is probably
negligible.
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Here, we attempted to analyse more than 50 sea-salt particles
in each sample (total >2100 particles) with EDX. Because Na™
is the major component of sea-salt particles, sea-salt particles
were identified by Na detection in EDX analysis. When aerosol
particles containing Na™ other than sea-salt particles (e.g. min-
erals) are internally mixed with sea-salt particles, the presence of
non-sea-salt (nss-)Na can lead to incorrect estimation of C1~ de-
pletion and sea-salt fractionation. Thus, internal mixtures of sea-
salt and minerals/dusts, which were identified by Na detection
together with Al, Si and/or Fe, were excluded from discussion
in the present study. These excluded sea-salt particles contain-
ing minerals/dusts made up less than 1% of the aerosol particles
containing Na in the present study. Furthermore, to check ana-
Iytical error and sensitivity, artificial particles of NaCl, Na,SO4
and mixtures of both were prepared and analysed using EDX
according to our standard procedure.

2.2. Size-segregated aerosol samples for bulk analysis

The sampling site was located on the windward side of the pre-
vailing wind at Syowa station. Ambient air was sampled using
a Tetlon braid tube (length about 3 m; internal diameter about
9 mm) situated 5 m above the ground surface, and then dis-
tributed into the sampling systems and other instruments (e.g.
optical particle counters and condensation nuclei counters). Un-
fortunately, air sampling at Syowa stopped in October 1998 as
a result of mechanical problems. Considering that aerosol sam-
pling was carried out inside the room, aerosol particles were
probably collected on the filter under dry and heated (room tem-
perature, 10-20 °C) conditions.

Size-segregated aerosol samples were also collected using a
two-stage mid-volume impactor (MVI), made from conductive
plastics, with cut-off diameters of 2.0 and 0.2 um at a flow
rate of 27 1 min~!, and a back-up filter for 2 to 3 d, depending
on the local weather conditions. Nucleopore filters (25 mm @,
0.2 um pore size; Costar Co.) and a Teflon membrane filter
(PTFE, 1.0 um pore size, 47 mm¢, Advantec) were used as
sampling substrates for the MVI and back-up filter, respectively.
After sampling, each filter was immediately placed in a pre-
cleaned polypropylene 15 ml centrifuge vial with an airtight
cap in order to prevent contamination during sample storage.
Sample vials were packed in polyethylene bags and were kept at
about —20 °C in a freezer until chemical analysis in Japan. For a
qualitative check of aerosol samples, procedural blank samples
were taken from each sampler periodically (twice a month).

For extraction of the water-soluble aerosol constituents, ultra-
pure water (18.3 M2, Milli-Q water; 14 ml) was added to each
sample vial. Concentrations of the water-soluble constituents
were determined with an ion chromatograph (Dionex, DX-300)
using a 500 wl injection loop for each flow system equipped
with an AS11A analytical column and an AG11 guard column
for anion separation, and a CS12 analytical column and CG12
guard column for cation separation. The atmospheric concen-

trations of each species were corrected using procedural blank
levels.

2.3. Acidic gas samples

Sampling of acidic gases was carried out simultaneously with
size-segregated aerosol sampling at Syowa station. Acidic gases
and non-size-segregated aerosol particles were simultaneously
collected using a filter holder (NILU) with a PTFE filter (1.0 um
pore size, 47 mm @, Advantec) in series of two-stage alkaline
impregnated filters (300 ul of 1 wt% Na,COj3 + glycerol) for 2
to 3 d, depending on local weather conditions, at a flow rate 11.5—
12 1min~". Storage of acidic gas samples (alkaline impregnated
filters) was carried out in the same way as for the MVI samples.

For extraction of acidic gaseous species, ultra-pure water
(18.3 M, Milli-Q water, 10 ml) and H,O, solution (300 ul;
3%) were added to each sample vial. The concentrations of acidic
gases were measured by an ion chromatograph (TOA, ICA-5000)
using a 500 wl injection loop equipped with an AS12A analyt-
ical column, an AG12A guard column and an autosuppression
system (ASRS-I, all columns and equipment manufactured by
Dionex). Our analytical method cannot identify each gaseous
halogen species (HX, HOX, XNO,, XY, X,, XONO, and XNO;
X or Y = Cl or Br) individually because of the release of C1~
and Br~ during the aqueous extraction step from the alkaline-
impregnated filters. Atmospheric concentrations of each species
were corrected using procedural blank levels.

3. Results and discussion

The main points to be discussed in the present study are sea-
salt constituents in individual sea-salt particles at Syowa (Sec-
tion 3.1), variations of sea-salt constituents in individual sea-salt
particles (Section 3.2), variations of sea-salt modification (C1~
liberation) and release of gaseous chlorine species (Section 3.3)
and scavenging of atmospheric acidic species by sea-salt parti-
cles (Section 3.4). In particular, the discussion of the release of
gaseous chlorine species and scavenging of acidic species will
be based on the results obtained from individual particle analy-
sis of sea-salt particles using SEM-EDX. We elaborate on these
points in the following discussion.

3.1. Constituents of individual sea-salt particles
at Syowa station

Figure 1 indicates typical examples of EDX spectra of individual
sea-salt particles collected at Syowa. Major sea-salt constituents
such as Na, Cl, Mg, K, Ca and S were determined by EDX
analysis. As shown in Figs. 1a and b, the intensity of the Cl peak is
slightly lower relative to Na in the summer. Also, higher S peaks
are observed in both coarse and fine sea-salt particles collected
in the summer (Figs. 1a and b), so that acidic sulfur species in
sea-salt particles probably contributed to liberation of C1~ from
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(a) 12 March 1998
Coarse mode

*
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(b) 18 March 1998
Fine mode
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(¢) 17 June 1998
Coarse mode
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Fig. 1. Typical examples of EDX spectra of

sea-salt particles collected at Syowa station,

Antarctica.

sea-salt particles in the summer Antarctic atmosphere. Unlike
sea-salt particles in the summer, sea-salt particles sampled in
the winter have a higher CI peak and a lower S peak, as shown
in Figs. 1c and d. Suggestive of less sea-salt modification (C1~
liberation) in the Antarctic winter (Mouri et al., 1999; Hara et al.,
2004a), this type of sea-salt particle can be identified as being
relatively fresh or less modified (less Cl™ liberated). Although
sea-salt particles in the spring also have a higher CI peak and a
lower S peak similar to the less-modified sea-salt particles in the
winter (Fig. 1c), the peak intensities of Mg, K and Ca increased
markedly as shown in Fig. 1d.
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(d) 12 September 1998
Coarse mode

2 4 6 8 10
Energy (keV)

3.2. Seasonal variations of sea-salt constituents
in individual particles at Syowa station

For quantitative estimation of sea-salt constituents, we attempt
to evaluate seasonal variations of the constituents in individual
sea-salt particles as shown in Fig. 2. The relative percentage
of Na in individual sea-salt particles in the coarse mode was
distributed around about 50 mol% on average throughout the
year with the exception of a slight decrease and large variabil-
ity in the standard deviation in September—October at Syowa.
The larger variability strongly suggests heterogeneity of sea-salt
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Fig. 2. Mean mass ratio of sea-salt constituents in each sea-salt particle. Error bars indicate standard deviation.

constituents in each sea-salt particle in the atmosphere. The mean
Cl percentage is high in the winter in both coarse and fine modes
and decreases in the summer to <40 mol% in the coarse mode
and to <30 mol% in the fine mode. With the increase in per-
centage of S in sea-salt particles, the percentage of Cl tended
to vary greatly and decrease in the fine sea-salt particles. Thus,
the large variability may be due to the heterogeneity of sea-salt
constituents, in other words, external mixing of aged (modified)
and relatively less modified sea-salt particles in the summer at-
mosphere around Syowa (details to be discussed later).

Furthermore, the wintertime C1/Na mol% ratio was approxi-
mately 0.8 lower than the sea water ratio (SWR) in the literature
(e.g. Wilson, 1975). The following are considered to be possi-
ble reasons for this: (1) analytical bias in EDX analysis in the
present study and (2) ambient sea-salt constituents showing the
lower Cl/Na ratio (about 0.8) during the winter due to liberation
of C1~ from sea-salt particles and sea-salt fractionation.

As check on the analytical reliability of EDX, we determined
the chemical composition of artificial particles of NaCl, Na,SO,
and mixtures using the same procedure. Since the grains (about

Tellus 57B (2005), 3



VARIATIONS OF CONSTITUENTS OF SEA-SALT PARTICLES 235

10 pm) of pure NaCl and Na,SO, of analytical grade showed
a molar ratio of CI/Na ~1.0 and S/Na =0.6, respectively, in
EDX analysis under our analytical condition (e.g. area analysis
and sample preparation), the EDX spectrometer in the present
study was apparently well calibrated. Hence, any analytical bias
in EDX analysis will produce only insignificantly lower Cl/Na
ratios.

Although sea-salt fractionation, yielding mirabilite
(Na;SO4e10H,0), can change the Cl/Na ratio in sea-salt
particles under low-temperature conditions, the C17/Na™ molar
ratio in the bulk analysis of wintertime samples mostly ranged
in the typical sea water ratio (1-1.2) (Hara et al., 2004a).
Also, Mouri et al. (1999) indicated that sea-salt particles had
constituents similar to less modified or fresh sea-salt particles at
Syowa in the winter. Although the causes of the slightly lower
molar ratio of CI/Na in the present study are still unclear, the
percentage of sea-salt constituents in the less modified coarse
sea-salt particles was evaluated on the basis of the constituents
of coarse aerosol particles in June at Syowa in the present
study, as shown in Table 1. This ratio will be used in the later
discussion (Section 3.3.2).

The relative percentage of S in individual sea-salt particles
increased up to 13.7 mol% in the coarse mode and to 48.9 mol%
in the fine mode in March 1999, whereas the mean S percentage
was <3 mol% in both modes with small variability in June. In
particular, the larger variability in the percentage of S was ob-
tained in the fine sea-salt particles sampled in the period from
March until May. Dominant sea-salt modification (CI~ libera-
tion) in the fine sea-salt particles was also observed in Syowa and
the MBL of the Antarctic Ocean in the austral summer (Mouri
et al., 1997, 1999). According to individual particle analysis by
means of LAMMS (laser microprobe mass spectrometry) (Hara
et al., 1995; Wouters et al., 1990), the modified sea-salt par-
ticles contained Na,SO, and CH3SOsNa at coastal Antarctica
during the summer. Thus, the particulate sulfur components in
sea-salt particles are probably composed of CH3SO; and SO,
in the present study. This mixing state suggests heterogeneous
formation of CH3SO; and SO~ in sea-salt particles from pre-
cursors such as SO,, CHSO3;H(g) and H,SO4(g) (details will be
described in a later section).

Although the mean relative percentages of Mg, K and Ca in
coarse sea-salt particles ranged from 6.6-9.4, 0.7-1.1 and 0.8—
1.2 mol%, respectively, from March until August, these percent-
age increased slightly to 10.2-12.1, 1.3-1.4 and 1.2-1.3 mol%,

Table 1.
literature and the EDX analysis

Comparison of the molar ratio between the

Ratio Literature® This study (EDX analysis)
Cl/Na 1.16 0.825

S/Na 0.06 0.007

*Wilson (1975).
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respectively, in September—October, as shown in Fig. 1d. Also,
LAMMS analysis of Antarctic aerosol particles showed that Mg-
rich and Ca-rich particles were in the form of chloride at Syowa
station in September—October 1991 (Hara et al., unpublished
data). Also, Iwai et al. (1981) showed that Mg and Ca in sea-
salt particles were in the form of MgCl,e6H,0, MgSO,e6H,0
and CaSO4e2H,0 at Syowa station. Enrichments of Mg, K
and Ca were obvious in bulk aerosol constituents at Syowa in
September—October 1998 corresponding to a lower air temper-
ature and the largest extent of sea ice offshore of Syowa (Hara
et al., 2004a). Furthermore, the anomaly of molar ratio (K*/Na*,
Mg>*/Na* and Ca’*/Na*) was correlated with a higher Na*
concentration resulting from strong winds and ejection of the
fractionated sea-salt particles from the surface of the sea ice and
snow (Hara et al., 2004a). So far, formation of mirabilite due to
sea-salt fractionation has been widely reported from the coastal
Antarctic stations (Hall and Wolff, 1998; Wagenbach etal., 1998;
Osada et al., 2001; Hara et al., 2004a), whereas the fractionation
processes of other sea salts have not been discussed. According to
some laboratory measurements on sea-salt freezing (Richardson,
1976; Marion et al., 1999), KCIl (sylvite), MgCl,e12H,0,
CaSO,4e2H,0 (gypsum) and CaCl,e6H,0 (antarcticite) can be
formed (fractionated) from sea water below —20 °C. Thus, the
fractionated sea-salt particles such as Mg?*-rich, K*-rich and
Ca”" rich sea-salt particles, in addition to mirabilite, might re-
sult from fractionation of sea salt on the surface of sea ice and
snow through freezing and sublimation under lower-temperature
conditions which then become suspended in the coastal Antarctic
atmosphere, especially in September—October.

3.3. Sea-salt modification at Syowa station

3.3.1. Sea-salt modification in individual sea-salt particles. As
shown in Fig. 2, the relative percentage of C1~ was reduced in the
summer at Syowa. In order to discuss quantitatively the libera-
tion of C1~ from sea-salt particles at Syowa, Figs. 3-4 illustrates
variations in the relative molar ratio of Na, S and Cl in individual
sea-salt particles. Dashed lines trace the stoichiometric change
in chemical composition from NaCl to Na,SO, and CH3SO3;Na.
When NaCl (the major sea-salt component) is gradually modi-
fied with H,SO4 and SO,, for example, each molar ratio should
be distributed around the line (NaCl-Na,SOy).

Ternary plots indicate that during summer fine sea-salt parti-
cles are preferentially modified (C1~ liberated) at Syowa. In con-
trast to the summer, C1~ liberation is insignificant in the winter at
Syowa. A similar seasonal feature of C1~ liberation was reported
by Mouri et al. (1999) and Hara et al. (2004a). In the summer,
fine sea-salt particles containing particulate sulfur species (prob-
ably SO2~ and CH;3SOj) often had larger sulfur ratios relative
to the NaCl-Na, SOy stoichiometric line. Noticeably, some fine
sea-salt particles were distributed near the NaCl-CH;SO3;Na
stoichiometric line or larger sulfur ratios, especially on 12 and
18 March 1998. Analogous sulfur-excess sea-salt particles were
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Fig. 3. The relative molar ratio of Na, S and Cl in individual sea-salt particles collected at Syowa station, 12 March-17 June, 1998. Red and blue
circles indicate the molar ratio in each sea-salt particle in coarse (d > 2 um) and fine (2 um > d < 0.2 ©m) modes, respectively. Red and green dash
lines show the stoichiometric lines of NaCl-Na,SO4 and NaCl —-CH3SO3Na.

also observed at Syowa station in 1993 by Mouri et al. (1999),
though they focused only on sea-salt modification by sulfate.
Under the Arctic haze conditions carrying higher anthropogenic
SO,, however, the modified sea-salt particles were mostly dis-
tributed along the NaCl-Na,SO, line (Hara et al., 2002a). In
spite of the presence of modified sea-salt particles with a sulfur-
excess relative to the NaCl- Na, SOy line also in the spring in the
Arctic, such particles were obtained only in wholly C1~-liberated
sea-salt particles (relative mass percentage Cl ~0) (Hara et al.,
2002a). Consequently, sulfur species other than SO, and H,SO,
may also enhance sea-salt modification (C1~ liberation) in the
coastal Antarctic atmosphere during the summer. Considering
internal mixing states of CH3SO; and nss-SO3~ in sea-salt par-
ticles in the summer Antarctic atmosphere (Hara et al., 1995),
these results suggest that the modified sea-salt particles con-
tained excess sulfur species and that CH3SO5 and precursors
such as DMS and DMSO can also make an important contribu-
tion to sea-salt modification (CI~ liberation) in coastal Antarctic
regions. Therefore, C1~ liberation from sea-salt particles is likely
to occur through heterogeneous reactions with SO3~, CH;3S0;3

and their precursors such as SO,, DMS and DMSO, which are
strongly related to biogenic activity in the coastal Antarctic ocean
during the summer. Since EDX analysis was unable to identify
SO%’ and CH3SOy5, we need to make a comparison with the
bulk analysis data in order to obtain information on CH3SO5 in
coarse sea-salt particles.

Figure 5 shows the seasonal variations of the molar ratio of
[CH3SO5 ]/ [nss—SOﬁ’] (R;) in coarse and fine particle modes at
Syowa. Concentrations of nss-SO;~ were calculated using the
following equation:

[IISS - SOff] = [Soii] — SWR x [Na+]aerosol (1)

where SWR is the sea-water ratio (Wilson, 1975). During sum-

aerosol

mer (February to the end of April), R, was higher in both modes.
Surprisingly, molar ratios >1 were observed in coarse aerosol
particles at Syowa in the summer. In coastal Antarctic stations,
non-size-segregated R, increased by approximately 0.3 (Dumont
d’Urville) and 0.4-0.5 (Neumayer) similar to Ry in the fine mode
at Syowa (Fig. 5), though R; increased occasionally up to 0.8
(Neumayer) (Legrand and Pasteur, 1998a; Jourdain and Legrand,
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Fig. 4. The relative molar ratio of Na, S, and Cl in individual sea-salt particles collected at Syowa station 25 June-15 October, 1998. Plot style is as
Figure 3.

2001). Thus, so far, we have identified the following internal mix- H,SO, revealed a diurnal variation in the range of 0.2—0.3 at mid-
ing states of CH3SO5 and nss—SOi’ in aerosol particles in the day and sometimes increased up to about 1.6 in the dark. Because
Antarctic boundary layer during summer: (1) an internal mixture the larger mass accommodation coefficient (o) of H,SOy4, ¢ >
of CH3SO; and nss—SOi’ and (2) sea-salt particles containing 0.5 (Jefferson et al., 1997) compared with that of CH;SO3H,
CH;SO5 and nss-SOi_ (Hara et al., 1995; Wouters et al., 1990). o ~ 0.15 (De Bruyn et al., 1994) leads to preferential uptake
Although, in bulk analysis, it is difficult to divide each mixing of H,SO, onto aerosol particles, uptake processes of H,SO,

state, SEM-EDX analysis showed that the coarse aerosol parti- and CH;SO3H cannot account for the R; anomaly in coarse
cles observed at Syowa during the summer were composed dom- sea-salt particles. Recent laboratory work has suggested that
inantly of sea-salt particles and rarely sulfate/methanesulfonate the rapid heterogeneous oxidation of DMS and DMSO (finally
particles. On the other hand, fine aerosol particles were dom- to CH3SOy5) in the aqueous phase has important potential for
inantly composed of sulfate/methanesulfonate particles. Since CH;3SOj formation in aerosol particles (e.g. Barcellos da Rosa

the sea-salt particles were also larger than sulfate particles in etal., 2000; Gershenzon et al., 2001; Bardouki et al., 2002, refer-
the Antarctic boundary layer during the summer (Osada et al., ences therein). Thus, a preferential CH3SO5 formation pathway,
1998; Kerminen et al., 2000; Teinild et al., 2000; Jourdain and which makes important contribution in the summer Antarctic at-
Legrand, 2001; Rankin and Wolff, 2003), the anomaly of R; in mosphere, appears to be available on sea-salt particles but not
coarse particles may be associated with sulfur-excess in sea-salt on sulfate particles. Since EDX analysis was unable to iden-
particles as indicated in Fig. 3. tify SO3~ and CH;3S05, the contribution of CH3SO; and the

According to the observations of gaseous H,SO, and precursors to sea-salt modification during the Antarctic summer
CH3SO;H at Palmer station (64.46°S, 64.03°W) in summer remain as matters to be discussed. Also, a better understand-
(February) (Jefferson et al., 1998a,b), the ratio of CH3SO3H to ing will require additional laboratory measurements and model
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Fig. 5. Seasonal variation of molar ratio of CH3SOj3’ to nss—SOi_ in
aerosol particles at Syowa station.

estimations associated with the heterogeneous sulfur chemistry
in aerosol particles.

Although most of the sea-salt particles were identified as less
modified particles during the winter at Syowa, relatively high
percentages of S were observed on 13 July and 27 August (Fig. 5).
The following possibilities are considered for the sulfur-rich sea-
salt particles in the winter: (1) sea-salt modification through het-
erogeneous reactions with acidic sulfur species derived from
biogenic activity in the open sea and (2) sea-salt fractionation on
the surface of sea ice and snow.

Atmospheric sulfur cycles are strongly affected by oceanic
biogenic activity in the coastal Antarctic regions during sum-
mer, but less so in the winter (e.g. Minikin et al., 1998; Moore
and Abbott, 2002). Indeed, the seasonal variation of the CH3SO3
concentration showed a minimum during the winter (Osadaetal.,
1998; Minikin etal., 1998; Jourdain and Legrand, 2001). Accord-
ing to the 5-d backward trajectory analysis shown in Fig. 6, air
masses came from the sea-ice area (13 July 1998) and Antarctic
continent (27 August 1998). If sulfur species originating from
oceanic biogenic activity contribute significantly to the higher S
percentage in sea-salt particles during the winter, the higher S
ratio of sea-salt particles in the continental air mass (27 August)
cannot be explained. Consequently, sulfur species of oceanic
origin may make only an insignificant contribution to the rela-
tively high S percentage in sea-salt particles observed during the
winter.

As already noted, low-temperature processes can enhance
sea-salt fractionation (e.g. mirabilite formation) on the sur-
face of snow and sea ice. Also, recent field observations sug-
gested mirabilite formation at Dome Fuji (inland) station (Hara
et al., 2004) and sulfate depletion through the sublimation pro-
cesses on the continental snow surface (lizuka et al., 2004)
in addition to sea-salt fractionation in coastal areas (Hall and
Wolff, 1998; Wagenbach et al., 1998; Osada et al., 2001; Hara
et al., 2004). Hence, the sulfur rich sea-salt particles observed
on 13 July and 27 August 1998 probably result from sea-salt
fractionation.

Some sea-salt particles in winter—spring had a lower Cl ra-
tio with an increasing of the S ratio. When significant sea-salt

fractionation (SOi_ depletion) occurs, sea-salt constituents en-
hance Cl~ enrichment relative to the SWR as obtained on 9
September 1998 (Fig. 4). Thus, it is expected that the sea-salt
modification results from acidic species other than sulfur species
in coastal Antarctic regions during the winter—spring. Chemical
tests using the Nitron thin film technique, which provides direct
evidence of particulate NO3 (Hara et al., 1999), indicated that
some sea-salt particles collected during late June to October, con-
tained NOj . Indeed, the concentrations of NOj in aerosol parti-
cles and HNO3;+N,0s5 at Syowa increased in winter and spring
(Osada et al., 1998). Therefore, heterogeneous NO; formation
from reactive nitrogen oxides (e.g. HNO; and N,O5s) onto sea-
salt particles might cause significant C1~ liberation in sea-salt
particles at Syowa during winter—spring. Also, internal mixing
of oxalate in sea-salt particles was suggested in the boundary
layer of polar regions by Kerminen et al. (2000) and Hara et al.
(2002b). In spite of a higher concentration of oxalate in aerosol
particles during spring at coastal Antarctic stations (Legrand and
Pasteur, 1998; Osada et al., 1998), the oxalate concentration at
Syowa (Osada et al., 1998) was probably too low (by a factor of
about 0.02 relative to NOj') to make a significant contribution to
sea-salt modification in comparison with NO3 concentration in
winter—spring. Consequently, C1~ liberation from sea-salt parti-
cles in the winter—spring probably results mainly from hetero-
geneous reactions with reactive nitrogen oxides such as HNOj,
N,O5 and NOj; during the transport, as suggested by Hara et al.
(1999).

Furthermore, a decrease in the surface O; concentration re-
sulting from the bromine catalytic system in the boundary layer
was often observed at Syowa in August 1998 (Hara et al., 2004).
Fortunately, the aerosol samples for SEM-EDX analysis were
collected during one such phase. Dominant sea-salt modification
with NOJ and reactive nitrogen oxides in August suggests that
atmospheric nitrogen chemistry involving sea-salt particles and
reactive bromine species result in O3 depletion in the boundary
layer during the polar sunrise. Interestingly, a similar relation-
ship between NOj3 formation on sea-salt particles and gaseous
inorganic bromine species was suggested in the Arctic boundary
layer during the winter—spring (Hara et al., 2002c).

On 9 September (Fig. 4), most sea-salt particles contained
excess Cl in both coarse and fine particles relative to NaCl. As
shown in Figs. 1 and 2, the fractionated (Mg-rich, K-rich and
Ca-rich) sea-salt particles were observed on 9 September in the
present study. Hence, it appears that the excess Cl relative to Na
seen in Fig. 4 may be not due to sea-salt modification with acidic
species but rather arises from mixing of KCl, MgCl, and CaCl,
derived from sea-salt fractionation.

3.3.2. Estimation of amount of Cl liberated from sea-salt
particles. In order to evaluate the amount of gaseous inor-
ganic chlorine species (g_Cl) released from the ambient sea-salt
particles, we attempt to estimate the amount of CI~ liberated
directly from individual sea-salt particles. For the estimation of
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Fig. 6. 5-day backward trajectory from
Syowa station in (a) 13 July 1998 and (b) 27
July 1998. Backward trajectory was
calculated by vertical motion mode (kinetic)
of HYSPLIT4 (NOAA, Draxler and Rolph,
2003).

the amount of C1~ liberation at Syowa, we calculate the amount
of C1~ liberated from each coarse and fine sea-salt particle as
follows:

Cl Cl Cl
()= () () @
Na liberation Na fresh sea salt Na ambient sea salt

where (CI/Na)iiberation> (CI/N@)tresh scasais and (C1/Na)ambient sea salt
are the molar ratios for liberated C1~, fresh sea-salt particles and
ambient sea-salt particles in each sea-salt particle, respectively.
Here, the molar ratio (C1/Na &~ 0.825) in sea water as given
in Table 1 was used as that of fresh sea-salt particles, as stated
above. The percentage of Cl~ liberated from sea-salt particles
(Rc1-) can be estimated using the molar ratio of liberated Cl1~
to total C1™ in sea-salt particles and eq. (2) using the following
equation:

Z ( % ) liberation

a
RCI’ = (g)
a / fresh sea salt

x 100. 3

Seasonal variations of R¢- in coarse and fine sea-salt particles
are shown in Fig. 7. R¢- in March—April at Syowa ranged from
13.6-30.7% (mean 21.6%) in fine sea-salt particles and from
5.4-10.8% (mean 8.4%) in coarse sea-salt particles. In June to
mid-August, R¢- in the coarse mode decreased to 2.9-9.2%
(mean 6.0%), whereas Rc- in the fine mode remained in the
range of 4.7-23.2% (mean 15.7%) (as shown in Fig. 2).

For estimation and discussion of the amount of liberated
CI™ from sea-salt particles and ambient g_Cl concentration, we
must compare the individual aerosol analysis data with the bulk
analysis data. However, the bulk aerosol sampling occasionally
contains sampling artefacts such as volatilization of particulate
species and gas uptake on aerosol particles during the sampling.
In contrast, aerosols sampled for individual particle analysis have
negligible sampling artefacts since sampling times are so short
under the clean air conditions. For that reason, we compare the
amount of liberated C1~ between our bulk analysis and individ-
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ual particle analysis in order to understand the contribution of
potential sampling artefacts in our bulk aerosol sampling.
Using the Rc- values and the ambient Na®™ concentration
in coarse and fine modes, total amount of Cl~ liberated was
calculated. The amount of CI~ liberated was following:

[hberated Cl_]coarse = RC]*coarse X [Na+]coarses
[liberated C1™ Jane = Rer-fine % [Na™ Jne

and

[liberated CI™ ] o= [liberated C1™ Jcoarse
+ [liberated C1™ Jgye.

On the other hand, the amount of liberated CI~ in MVI was
calculated using the Na™ concentration in MVI and the SWR
(Wilson, 1975). Figure 8 indicates the relationship between the
amount of Cl~ liberated in the fine mode of MVI and the esti-
mated amount of C1~ liberated in the fine mode using SEM-EDX
(individual particle) analysis. Although the aerosol samples con-
taining the fractionated sea-salt particles on 13 July 1998 led to
the overestimation of the amount of Cl~ liberated, probably due
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Fig. 7. Seasonal variations of C1~ liberated ratio (Rc)-) in coarse and
fine modes.
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Fig. 8. Relationship between C1~ liberated amount estimated from
SEM-EDX analysis and MVI samples.

to significant mixing of fractionated sea-salt particles, the rela-
tively high correlation, with the exception of 13 July 1998, was
obtained in the fine mode as follows:

[liberated C1™ Jsgym = 1.38 x [librated C1™ Jyvy
+ 0.13(R> = 0.77).

Despite high correlation (R? = 0.77) between liberated Cl~
amount in SEM-EDX and the amount in M V]I, the slope (1.38)
of the correlation is slightly larger than 1. The large slope (1.38)
might result from size dependency of C1~ liberation of sea-salt
particles even in the remote MBL as suggested by Mclnnes
etal. (1994). However, the high correlation suggests that our bulk
aerosol sampling system has an insignificant sampling artefact,
at least associated with sea-salt particles.

As indicated in Fig. 9, the estimated amount corresponded
well with the ambient g_Cl concentration at Syowa during the
summer when preferential C1~ liberation occurred (Figs. 2 and
3), while the ambient g_Cl concentration (mainly HCI) was
markedly higher than the estimated amount during the winter—
spring. As mixing of mirabilite-containing particles into winter—
spring samples (e.g. 13 July) probably led to overestimation
of the liberated Cl~, this tendency cannot account for the dif-
ferent concentrations. Although the presence of SOﬁ’—depleted
sea-salt particles, which have higher C1~ relative to the SWR,
can result in an underestimation, the molar ratio of [C17]/[Na™]
in the bulk analysis indicated approximate equivalence to the
SWR ([CI~]/[Na*] ~ 1.2) during the winter—spring (Hara et al.,
2004a). While the presence of some fractionated sea salts such
as KCl, MgCl,e12H,0 and CaCl,e6H,0 can cause underesti-
mation of the liberated C1~, these particles were observed only
in September— October in the present study. Thus, the exceeded

g_Cl concentration relative to the amount of Cl~ liberated was
probably not due to sea-salt fractionation but to accumulation
of g_Cl in the boundary layer during Antarctic winter—spring.
This suggests preferential C1~ liberation during the summer at
Syowa, and that the contrast between the summer and winter val-
ues might depend on the residence time of g_Cl in the boundary
layer of the coastal Antarctic region.

The residence time of g_Cl in the boundary layer probably
depends on the chemical compositions of g_Cl species such as
HCI and CIX (e.g. X = Cl, Br, I and so on). The major com-
pound involved in liberation of CI~ is HCI, which, on account
of its high solubility in water (Brimblecombe and Clegg, 1988;
Sander, 1999) can be driven to deposition/uptake on wet sur-
faces and aqueous phases (e.g. aerosol particles, open sea and
wet sea ice). In particular, the seasonal variation of the extent of
sea ice in the coastal Antarctic area has a drastic annual feature
(the largest extent of sea ice is in September—October offshore
of Syowa) (Cavalieri et al., 1999, updated 2002). Thus, it can
be speculated that, in addition to the wet surface of aerosol par-
ticles, seasonal variation in the extent and condition of sea ice
may make an important contribution to seasonal features of g_Cl
lifetime around Syowa. For a better understanding of sea-salt
modification and the lifetime of g_Cl in the Antarctic regions,
we ought to identify each g_Cl species and discuss the relation-
ship to the seasonal variation in the extent and condition of sea
ice in the near future.

3.4. Scavenging of acidic species by sea-salt particles
at Syowa station

Plausible dry deposition processes of acidic gases (e.g. SO, and
HNO;) are (1) direct deposition onto sea ice and snow and dry
deposition together with (2) sea-salt particles and (3) sulfate
particles through heterogeneous reactions. Due to the larger dry
deposition velocity in coarse particles they can be removed pref-
erentially from the atmosphere. If fresh and slightly aged sea-
salt particles, having alkaline and often deliquescent surfaces,
preferentially scavenge the acidic gases, it is expected that sea-
salt particles, especially coarse sea-salt particles, could play an
important role in the scavenging of acidic gases from the atmo-
sphere, as pointed by Sievering et al. (1992).

The mode of sea-salt particles in the coastal Antarctic sta-
tions was approximately smaller than 2 um in diameter (Teinild
etal., 2000; Kerminen et al., 2000; Jourdain and Legrand, 2002),
though the mode of coarse particles is larger in the MBL. Thus,
the mode would become smaller than 2-5 pm in the MBL due
to preferential deposition of coarse sea-salt particles. In spite of
shorter lifetime of coarse sea-salt particles in the atmosphere,
particulate sulfur species (nss-SO;~ and CH3SO;) were en-
riched in coarse and fine sea-salt particles relative to fresh and
less modified sea-salt particles during the summer at Syowa, as
shown in Fig. 3. In the present study, we attempt to estimate the
dry deposition velocity of acidic sulfur species and NOj by the
sea-salt particles.
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The dry deposition velocity of acidic sulfur species (nss-SOﬁ_,
CH;S05, H,SO4(g) and CH3SO3H(g)) and HNO3;+N,Os5 by
sea-salt particles was calculated from the relative concentrations
of excess S and NOj5 in each sea-salt particle and the dry depo-
sition velocity of sea-salt particles. The mean relative excess S
concentration in each sea-salt particle (A Syean) Was estimated in
the coarse and fine modes from SEM-EDX analysis as follows:
2 (R ences

n
_ > [(Nia)ambiem — (Nia)SWR]

- n ’ C))
where n is the number of analysed sea-salt particles. In the
present study, the NO; mixing ratio in each sea-salt particle was
not determined. Our previous investigations indicated that most

ASpean =

particulate NO3 was internally mixed in sea-salt particles in
the Antarctic (Hara et al., 2004a) and Arctic (Hara et al., 1999)
boundary layer. As the enrichment factors of NOJ to sea wa-
ter relative to Na™ in aerosol particles is in the region of >10°
(Parungo et al., 1987), NOj in sea-salt particles must also be due
to heterogeneous reactions even in the Antarctic area, as sug-
gested by Hara et al. (2004a). Assuming that particulate NO5
is internally mixed with sea-salt particles in the Antarctic tropo-
sphere, the mean relative NO; concentrations in each sea-salt
particle (ANOJ pean) for coarse and fine modes were calculated
using the bulk analysis data obtained from the MVI samples, as
follows:
ANO; = (NO, ]
[Nat]
The amount of sea-salt particles and acidic gases deposited by
dry deposition was estimated using the dry deposition velocity
and Na™ concentration obtained from the MVI by the following

%)

equation:
ViCi
H

where H, V; and C; are the height of mixing layer (1000 m), the
dry deposition velocity of aerosol particles and the Na™ concen-

, (6)

ACasar particles —
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tration in each mode, respectively. Here, a dry deposition veloc-
ity ranging from 432-1500 m d~! for the coarse particles and
10-100 m d~! for fine particles was assumed for the estimation
(Seinfeld and Pandis, 1998). Although sea salts are also present
in the Aitken mode in the Antarctic atmosphere, dry deposition
(sedimentation) of Aitken particles probably only makes an in-
significant contribution because of efficient loss by Brownian
motion and coagulation. Thus, we exclude the scavenging by
sea-salt particles in Aitken modes from our estimation. There-
fore, the scavenging rate of acidic gases by sea-salt particles can
be obtained as follows:

scavengingrate = AC; X ASpemn;
for acidic sulfur species (e.g. SO,) and
scavengingrate = AC; x ANO3

for HNO3; + N;,Os. On the other hand, the following dry depo-
sition velocities for acidic gases were assumed in the present
Stl,ldy: V502 = 43.2-86.4 m dfl, VCH3503H(g) = VHZSO4(g) =
1730 md~" and Vo, = 1730 m d~! onto sea ice and the snow
surface (Ibrahim et al., 1983; Barrie and Hoff, 1984; Johansson
and Granat, 1986; Ganzeveld et al., 1998; Kerminen and Leck,
2001). The scavenging rates of acidic gases were calculated in
the same manner using eq. (6). Although the concentrations of
other volatile organic sulfur species (DMS, DMSO and DMSO,)
in the summer Antarctic atmosphere are higher relative to other
regions (Berresheim et al., 1998; Davis et al., 1998), their dry
deposition velocities are uncertain. A discussion of the dry de-
position of these organic sulfur species will not be given in the
present study.

Figure 10 indicates the seasonal variations of the scavenging
rates of acidic sulfur species by sea-salt particles at Syowa sta-
tion. With the exception of the apparently incorrect deposition
velocity on 13 July 1998, due to mixing of fractionated sea-salt
particles, the sulfur-scavenging rate of sea-salt particles tends to
show lower rates in the winter. During the summer at Syowa,
the scavenging rate of atmospheric sulfur species by sea-salt
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Fig. 10. Seasonal variations of (a—c) scavenging rate of acidic sulfur species together with sea-salt particles and (d) direct dry deposition of SO,
onto snow and sea-ice at Syowa station. Colored bars indicate the estimated scavenging rate for each assumed dry deposition velocity (highest, blue;
median, green; lowest, red). Thick and broken lines in (a—c) show the variations of ambient concentrations of CH3SO3_ and nss—SOi_. Line in (d)

shows seasonal variation of ambient SO, concentration.

particles ranged from about 0.05-0.5 nmol m~2 d~!. In ad-
dition, the scavenging rate by sea-salt particles was governed
dominantly by coarse sea-salt particles. This scavenging rate
corresponded to approximately 17% of the ambient concentra-
tions of particulate sulfur species (nss—SOﬁ’ and CH3SOy3) and
~10% of atmospheric sulfur species (nss-SO3~ and CH;3S0;3
and SO,).

In contrast to the scavenging by sea-salt particles, the dry de-
position velocity of SO, ranged from <0.02-0.75 nmol m~2 d~!
at Syowa, as shown in Fig. 10. Assuming the concentrations of
H,S04(g) (8.2x107*~1.1x10~* nmol m~*) and CH3SO;H(g)

(3.3x107=1.3x 1073 nmol m~?) obtained by (Jefferson et al.,
1998a,b), the estimated deposition rates are in the range of
1.2 x 1073 - 1.9 x 1073 nmol m~2 d~! for H,SO4(g) and 5.7 x
107 -2.3 x 1073 nmol m~2 d~! for CH3SO3H(g). Therefore,
dry deposition of SO, is likely to make an important contribution
to the removal of atmospheric sulfur species, whereas H,SO4(g)
and CH3;SO3H(g) contribute insignificantly to dry deposition
of acidic species on the surface of snow and sea ice. As a re-
sult, sea-salt particles may play an important role in scavenging
acidic sulfur species in the atmosphere under conditions of non-
precipitation.
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Fig. 11. Seasonal variations of (a—) scavenging rate of NO3" and the precursors by sea-salt particles and (d) direct dry deposition of HNO3+N>Os
onto snow and sea-ice at Syowa station. Thick lines indicate variations of ambient NO3 concentrations or HNO3+N>Os concentration at Syowa

station.

Likewise, the mean scavenging rate of NO5 by sea-salt parti-
cles was in the range of ~0.2 nmol m~2 d~' and the scavenging
rate occasionally reached up to 1.2 nmol m~2 d~! approximately
as shown in Fig. 11. The scavenging rate of NO; by sea-salt
particles depended on coarse sea-salt particles due to preferen-
tial dry deposition, though the NOj concentration was higher in
fine-particle mode at Syowa. On the other hand, the mean dry de-
position rate of HNO3+N,0Os was approximately 0.2—0.3 nmol
m~2 d7', slightly greater than the scavenging by sea-salt parti-
cles. By comparison with the ambient concentrations of NO5
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and HNO3;+N,05 at Syowa, these species may be removed ef-
ficiently from the atmosphere through scavenging by sea-salt
particles and direct deposition onto the surface of snow and
sea ice.

Under conditions with little or no precipitation the scav-
enging processes and direct deposition may become relatively
more important, although wet deposition processes (precipita-
tion) can make significant contributions to deposition onto the
surface of snow and sea ice. As shown by Yamanouchi et al.
(1999), the number concentration of aerosol particles in the free
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troposphere over coastal areas (Syowa—Mizuho) was enhanced
by low-pressure activity. If the concentrations of sea-salt parti-
cles increased in the free troposphere by low-pressure activity,
sea-salt particles would also be expected to play a role as impor-
tant scavengers of acidic gases in the Antarctic free troposphere.
The more information we can obtain on deposition processes
(e.g. the contribution of each type of deposition), the more ac-
curate will be our interpretation of atmospheric processes from
ice-core records in polar regions. For a better understanding of
the deposition and removal processes of atmospheric species in
the polar regions, we need to compare the scavenging of acidic
gases and reactive species by aerosol particles with wet deposi-
tion such as diamond dust and snow, and the spatial distribution
of aerosol particles (especially constituents) in the future.

4. Conclusions

Aerosol measurements were carried out at Syowa station,
Antarctica, in 1998. Individual particle analysis by means of
SEM-EDX indicated that liberation of Cl~ occurred prefer-
entially via heterogeneous reactions mainly with acidic sulfur
species (nss-SOi_ and CH3SO3) during the summer and with
reactive nitrogen oxides in the winter—spring at Syowa station.
In particular, more sea-salt particles tended to be modified in
the fine aerosol particle mode (0.2-2 pum). As CH3SO; was
enriched in coarse sea-salt particles, it is expected that het-
erogeneous CH3SO5 formation from precursors such as DMS
and DMSO preferentially occurred on sea-salt particles in the
coastal Antarctic regions during summer. During the winter—
spring, sulfur-rich sea-salt particles probably arising from sea-
salt fractionation (i.e. mirabilite formation) were often observed
in the air mass originating from the coastal Antarctic area and the
Antarctic plateau. Also, Mg, K and Ca may be enriched in sea-
salt particles in September—October via sea-salt fractionation by
low-temperature processes.

The amount of C1~ liberated from sea-salt particles was cal-
culated from analysis of individual particles by means of SEM-
EDX. This estimates corresponded well to the ambient g_Cl con-
centration at Syowa station during the summer, whereas ambient
g_Cl concentration exceeded the estimated amount. This contrast
between summer and winter might result from the seasonal vari-
ation in the lifetime of g_Cl in the atmosphere. It is expected that
seasonal variation of the extent of sea-ice makes an important
contribution to the seasonal variation of residence time of g_Cl
in the coastal Antarctic regions.

In spite of the short lifetime of coarse sea-salt particles due to
their large dry deposition velocity, coarse sea-salt particles con-
tained excess sulfur species during the summer at Syowa. We
also attempted to estimate the scavenging rate of atmospheric
sulfur species by dry deposition together with sea-salt particles
in the present study. The upper limit of the scavenging rate of
atmospheric sulfur species by sea-salt particles reached approx-
imately 0.5 nmol m~2 d~' at Syowa station in the summer of

1998. This scavenging rate corresponded to about 17% of the
concentration of particulate sulfur species such as nss—SOi’ and
CH3SOj3 and ~10% of total atmospheric sulfur species (nss-
SO?{ and CH3SOj and SO,). Because the scavenging rate of
sulfur species by sea-salt particles was similar to the direct dry
deposition velocity of SO, onto the surface of snow and sea ice,
sea-salt particles may play an important role in scavenging sulfur
species from the atmosphere via heterogeneous reactions on sea-
salt particles in the Antarctic regions. The mean NO; scavenging
rate was ~0.2 nmol m~2 d~!, similar to the dry deposition rate of
HNO;+N,05 (approximately 0.2-0.3 nmol m~2 d~'), though
the scavenging rate by sea-salt particles occasionally reached
1.2 nmol m~2 d~! during our observations at Syowa. Since
the scavenging rates of sulfur species and NO; by sea-salt
particles are dominantly governed by coarse sea-salt particles,
sea-salt particles probably play an important role in the scaveng-
ing of acidic species and reactive species through heterogeneous
reactions on sea-salt particles in the coastal Antarctic regions.

5. Acknowledgment

Atmospheric aerosol measurements were carried out at Syowa
station during the 39th Japanese Antarctic Expedition (JARE
39). The authors would like to thank members of JARE39 for
support and help with the aerosol measurements. They also grate-
fully acknowledge the NOAA Air Resources Laboratory (ARL)
for the provision of the HY SPLIT transport and dispersion model
and/or READY website (http://www.arl.noaa.gov/ready.html)
used in this publication. The authors thank Dr Masahiko Hayashi
(Fukuoka University) for useful discussion.

References

Barcellos da Rosa, M., Elend, M. and Zetzsch, C. 2000. Some reactions
of DMSO and MSIA in the aqueous phase of sea-spray. CMD Annual
Report, 131-135.

Bardouki, H., Barcellos da Rosa, M., Mihalopoulos, N., Palm, W.-U.
and Zetzsch, C. 2002. Kinetics and mechanism of the oxidation of
dimethylsulfoxide (DMSO) and methanesulfinate (MSI~) by OH rad-
icals in aqueous medium. Atmos. Environ. 36, 4627-4634.

Barrie, L. A. and Hoff, R. M. 1984. The oxidation rate and residence
time of sulphur dioxide in the Arctic atmosphere. Atmos. Environ. 18,
2711-2722.

Berresheim, H., Huey, J. W., Thorn, R. P, Eisele, F. L., Tanner, D. J. and
co-author 1998. Measurements of dimethyl sulfide, dimethyl sulfox-
ide, dimethyl sulfone, and aerosol ions at Palmer Station, Antarctica.
J. Geophys. Res. 103, 1629-1637.

Brimblecombe, P. and Clegg, S. L. 1988. The solubility and behavior of
acidic gases in the marine aerosol. J. Atmos. Chem. 7, 1-18.

Cavalieri, D., Parkinson, C., Gloerson, P. and Zwally, H. J. 1999
(updated 2002). Sea Ice Concentrations from Nimbus-7 SMMR and
DMSP SSM/I Passive Microwave Data CD-ROM. National Snow and
Ice Data Center, Boulder, CO.

Charlson, R. J., Lovelock, J. E. Andreae, M. O. and Warren, S. G. 1987.
Oceanic phytoplankton, atmospheric sulphur, cloud albedo and cli-
mate. Nature 326, 655-661.

Tellus 57B (2005), 3



VARIATIONS OF CONSTITUENTS OF SEA-SALT PARTICLES 245

Davis, D., Chen, G., Kasibhatla, P., Jefferson, A., Tanner, D. and co-
authors 1998. DMS oxidation in the Antarctic marine boundary layer:
comparison of model simulations and field observations of DMS,
DMSO,, H2SO4 (g), MSA (g), and MSA (p). J. Geophys. Res. 103,
1657-1678.

De Bruyn, W. J., Shorter, J. A., Davidovits, P., Worsnop, D. R.,
Zahniser, M. S. and co-author. 1994. Uptake of gas phase sul-
fur species methanesulfonic acid, dimethylsulfoxide, and dimethyl
sulfone by aqueous surfaces. J. Geophys. Res. 99, 16927-
16932.

Draxler, R. R. and Rolph, G. D. 2003. HYSPLIT (HYbrid

Integrated  Trajectory)  Model,

NOAA Air Re-

Single-Particle
(http://www.arl.noaa.gov/ready/hysplit4.html).
sources Laboratory, Silver Spring, MD.
Finlayson-Pitts, B. J. and Pitts, J. N. 2000. Chemical composition of
tropospheric aerosols. In: Chemistry of the Upper and Lower Atmo-

Lagrangian

sphere. Academic Press, New York, Chapter 9.

Ganzeveld, L., Lelieveld, J. and Roelofs, G.-J. 1998. A dry deposition pa-
rameterization for sulfur oxides in a chemistry and general circulation
model. J. Geophys. Res. 103, 5679-5694.

Gershenzon, M., Davidovits, P., Jayne, J. T., Kolb, C. E. and Worsnop,
D.R.2001. Simultaneous uptake of DMS and ozone on water. J. Phys.
Chem. 105A, 7031-7036.

Ghosal, S., Shbeeb, A. and J. C. Hemminger, 2000. Surface segrega-
tion of bromine in bromide doped NaCl: implications for the sea-
sonal variations in Arctic ozone. Geophys. Res. Lett. 27, 1879-
1882.

Hall, J. S. and Wolff, E. W. 1998. Causes of seasonal and daily variations
in aerosol sea-salt concentrations at a coastal Antarctic station. Atmos.
Environ. 32, 3669-3677.

Hara, K., Kikuchi, T., Furuya, K., Hayashi, M. and Fujii, Y. 1995. Char-
acterization of Antarctic aerosol particles using laser microprobe mass
spectrometry. Environ. Sci. Technol. 30(2), 385-391.

Hara, K., Osada, K., Hayashi, M., Matsunaga, K., Shibata, T. and
co-authors 1999. Fractionation of inorganic nitrates in winter Arctic
troposphere—coarse aerosol particles containing inorganic nitrates. J.
Geophys. Res. 104, 23 671-23 679.

Hara, K., Osada, K., Kido, M., Hayashi, M., Matsunaga, K. and co-
authors 2004. Chemistry of sea-salt particles and inorganic halo-
gen species in the Antarctic regions: compositional differences be-
tween coastal and inland stations. J. Geophys. Res. 109, D20208, doi:
10.1029/2004JD004713.

Hara, K., Osada, K., Matsunaga, K., Iwasaka, Y., Sakai, T. and co-author
2002b. Concentration trends and mixing states of particulate oxalate
in Arctic boundary layer in winter/spring. J. Geophys. Res. 107(D19),
4399, doi:10.1029/2001JD001584.

Hara, K., Osada, K., Matsunaga, K., Iwasaka, Y., Shibata, T.
and co-author 2002c. Inorganic chlorine and bromine species
in winter Arctic troposphere. J. Geophys. Res. 107(D18), 4361,
doi:10.1029/2001JD001008.

Hara, K., Osada, K., Nishita, C., Yamagata, S., Yamanocuhi, T. and
co-authors 2002a. Vertical variations of sea-salt modification in the
boundary layer of spring Arctic during the ASTAR 2000 campaign.
Tellus 54, 361-376.

Ibrahim, M., Barrie, L. A. and Fanaki, F. 1983. An experimental and
theoretical investigation of the dry deposition of particles to snow,
pine trees and artificial collectors. Atmos. Environ. 4, 781-788.

Tellus 57B (2005), 3

Tizuka, Y., Fujii, Y., Hirasawa, N., Suzuki, T., Motoyama, H. and
co-authors 2004. SO;~ minimum in summer snow layer at Dome
Fuji, Antarctica, and the probable mechanism. J. Geophys. Res. 109,
D04307, doi:10.1029/20031D004138.

Iwai, K., Ono, A. and Ito, T. 1981. On the composition and origin of
large and giant particles observed at Syowa station, Antarctica. Mem.
NIPR Spec. Issue 19, 131-140.

Jefferson, A., Eisele, F. L., Ziemann, P. J., Weber, R. J., Marti, J. J. and
co-author 1997. Measurements of the HSO4 mass accommodation
coefficient onto polydisperse aerosol. J. Geophys. Res. 102, 19021-
16932.

Jefferson, A., Tanner, D. J., Eisele, F. L. and Berresheim, H. 1998a.
Sources and sinks of HySO4 in the remote Antarctic marine boundary
layer. J. Geophys. Res. 103, 1639-1645.

Jefferson, A., Tanner, D. J., Eisele, F. L., Davis, D. D., Chen, G. and
co-authors 1998b. OH photochemistry and methane sulfonic acid for-
mation in the coastal Antarctic boundary layer. J. Geophys. Res. 103,
1647-1656.

Johansson, C. and Granat, L. 1986. An experimental study of the dry
deposition of gaseous nitric acid to snow. Atmos. Environ. 20, 1165—
1170.

Jourdain, B. and Legrand, M. 2001. Seasonal variations of atmospheric
dimethylsulfide, dimethylsulfoxide, sulfur dioxide, methanesulfonate,
and non-sea-salt sulfate aerosols at Dumont d’ Urville (coastal Antarc-
tica) (December 1998 to July 1999). J. Geophys. Res. 106(D13),
14391-14408, doi:10.1029/2000JD900841.

Jourdain, B. and Legrand, M. 2002. Year-round records of bulk and
size segregated aerosol composition and HCl and HNOj levels in the
Dumont d’Urville (coastal Antarctica) atmosphere: implication for
sea-salt aerosol fractionation in the winter and summer. J. Geophys.
Res. 107(D22), 4645, doi:10.1029/2002JD002471.

Kerminen, V.-M. and Leck, C. 2001. Sulfur chemistry over the cen-
tral Arctic Ocean during the summer: gas-to-particle transformation.
J. Geophys. Res. 106, 32 087-32(099.

Kerminen, V.-M., Teinild, K. and Hillamo, R. 2000. Chemistry of sea-
salt particles in the summer Antarctic atmosphere. Atmos. Environ.
34, 2817-2825.

Legrand, M., Ducroz, F., Wagenbach, D., Mulvaney, R. and Hall, J.
1998b. Ammonium in coastal Antarctic aerosol and snow: role of polar
ocean and penguin colony. J. Geophys. Res. 103, 11 043—11 056.

Legrand, M. and Pasteur, E. C., 1998a. Methane sulfonic acid to non-
sea-salt sulfate ratio in coastal Antarctic aerosol and surface snow.
J. Geophys. Res. 103, 10991-11 006.

Mclnnes, L. M., Covert, D. S., Quinn, P. K. and Germani, M. S. 1994.
Measurements of chloride depletion and sulfur enrichment in indi-
vidual sea-salt particles collected from the remote marine boundary
layer. J. Geophys. Res. 99, 8257-8268.

Marion, G. M., Farren, R. E. and Komrowski, A. J. 1999. Alternative
pathways for seawater freezing, Cold Region Sci. Technol. 29, 259—
266.

Minikin, A., Legrand, M., Hall, J., Wagenbach, D., Kleefeld, C. and
co-authors 1998. Sulfur-containing species (sulfate and methanesul-
fonate) in coastal Antarctic aerosol and precipitation. J. Geophys. Res.
103, 10975-10990.

Moore, J. K. and Abbott, M. R. 2002. Surface chlorophyll concentrations
in relation to the Antarctic Polar Front: seasonal and spatial patterns
from satellite observations. J. Mar. Syst. 37, 69-86.



246 K. HARA ET AL.

Mouri, H., Nagao, 1., Okada, K., Koga, S. and Tanaka, H. 1997. Ele-
mental compositions of individual aerosol particles collected over the
southern ocean: a case study. Atmos. Res. 43, 183—-195.

Mouri, H., Nagao, 1., Okada, K., Koga, S. and Tanaka, H. 1999.
Individual-particle analyses of coastal Antarctic aerosols. Tellus S1B,
603-611.

Murphy, D. M., Anderson, J. R., Quinn, P. K., McInnes, L. M., Brechtel,
F. J. and co-authors 1998. Influence of sea-salt on aerosol radiative
properties in the Southern Ocean marine boundary layer. Nature 392,
62-65.

Osada, K., Hara, K., Kido, M., Kai, H., Yamanouchi, T. and co-authors
2001. Sulfate depletion in snow over sea ice near Syowa station,
Antarctica in relation to the origin of sulfate depleted sea-salt aerosol
particles in winter. Polar Meteorol. Glaciol. 15, 21-31.

Osada, K., Hayashi, M., Ui, H. and Iwasaka, Y. 1998. Ionic constituents
in aerosol particles at Syowa station, east Antarctica, during 1998.
Polar Meteorol. Glaciol. 12, 49-57.

Pardess, D., Levin, Z. and Ganor, E. 1992. A new method for measuring
the mass of sulfur in single aerosol particles. Atmos Environ. 26, 675—
680.

Parungo, D. P., Nagamoto, C. T., Madel, R., Rosinski, J. and Haagenson,
P. L. 1987. Marine aerosols in Pacific upwelling regions. J. Aerosol
Sci. 18, 277-290.

Pruppacher, H. R. and Klett, J. D. 1978. Equilibrium between water
vapor, water, aqueous solutions and ice in bulk. In: Microphysics of
Clouds and Precipitation, Chapter 4. Reidel, Dordrecht.

Quinn, P. K., Bates, T. S., Coffman, D. J., Johnson, J. E., Harris, J. M. and
co-authors 2000. Surface submicron aerosol chemical composition:
what fraction is not sulfate?. J. Geophys. Res. 105(D5), 6785-6805.

Quinn, P. K., Kapustin, V. N., Bates, T. S. and Covert, D. S. 1996. Chem-
ical and optical properties of marine boundary layer aerosol particles
of the mid-Pacific in relation to sources and meteorological transport.
J. Geophys. Res. 101(D3), 6931-6951.

Rankin, A. M. and Wolff, E. W. 2003. A year-long record of size-
segregated aerosol composition at Halley, Antarctica. J. Geophys. Res.
108(D24), 4775, doi:10.1029/2003JD003993.

Richardson, C. 1976. Phase relationships in sea ice as a function of
temperature. J. Glaciol. 17, 507-519.

Sander, R. 1999. Compilation of Henry’s Law Constants for Inorganic
and Organic Species of Potential Importance in Environmental Chem-
istry (http://www.mpch-mainz.mpg.de/~sander/).

Seinfeld, J. and Pandis, S. N. 1998. Ammospheric Chemistry and
Physics from Air Pollution to Climate Change. Wiley-Interscience,
New York.

Sheridan, P. J., Schnell, R. C., Kahl, J. D., Boatman, J. F. and Garvey,
D. M. 1993. Microanalysis of the aerosol collected over south-central
New Mexico during the alive field experiment, May—December 1989.
Atmos. Environ. 27, 1169-1183.

Sievering, H., Boatman, J., Gorman, E., Kim, Y., Anderson, L. and co-
authors 1992. Removal of sulphur from the marine boundary layer by
ozone oxidation in sea-salt aerosols. Nature 360, 571-573.

Teinild, K., Kerminen, V.-M. and Hillamo, R. 2000. A study of size-
segregated aerosol chemistry in the Antarctic atmosphere. J. Geophys.
Res. 105, 3893-3904.

Wagenbach, D., Ducroz, F., Mulvaney, R., Keck, L., Minikin, A. and co-
authors 1998. Sea-salt aerosol in coastal Antarctic regions. J. Geophys.
Res. 103, 10961-10974.

Wilson, T. R. 1975. Salinity and the major elements of sea-water. In:
Chemical Oceanography (eds J. P. Riley and G. Skirrow). Academic
Press, San Diego, CA, 365-413.

Wouters, L., Artaxo, P. and van Grieken, R. 1990. Laser microprobe
mass analysis of individual Antarctic aerosol particles. Int. J. Environ.
Anal. Chem. 38, 427-438.

Yamanouchi, T., Wada, M., Fukatsu, T., Hayashi, M., Osada, K. and co-
authors 1999. Airborne observation of water vapor and aerosols along
Mizuho route, Antarctica. Polar Meteorol. Glaciol. 13, 22-37.

Tellus 57B (2005), 3



