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Abstract

The size distribution and volatility of ultrafine aerosol particles were measured using
scanning mobility particle sizer and thermodenuder at Syowa Station during the 46–
47 Japanese Antarctic Research Expeditions (2005–2007). The relative abundance
of non-volatile particles in a 240 ◦C scan was approximately 20 % during the summer,5

whereas the abundance of non-volatile particles increased by > 90 % during winter–
spring. During the summer, most ultrafine particles were NH+

4 , SO2−
4 and CH3SO−

3 ,
while major constituents of ultrafine particles were sea-salts (Na+ and Cl−) in winter–
spring. Therefore, the seasonal feature of volatility of ultrafine particles at Syowa might
result from seasonal variations of the major aerosol constituents. Although the rela-10

tive abundance of non-volatile particles was usually higher during winter–spring, the
abundance dropped occasionally to < 30 %. The lower abundance of non-volatile ul-
trafine particles during winter–spring corresponded to the lower number concentration
of ultrafine particles and transport from the free troposphere over Antarctica.

1 Introduction15

In terms of the number concentration, most aerosol particles are distributed in ultrafine
mode: smaller than 100 nm in diameter. Using a condensation nuclei (CN) counter,
continuous measurements of ultrafine particles have been made at Antarctic regions,
for example, at Syowa Station (Ito, 1989, 1993; Hayashi et al., 2011), Neumayer Sta-
tion (Jaenicke et al., 1992; Weller et al., 2002), Mawson Station (Gras, 1993) and20

Amundsen–Scott Station (Bodhaine, 1995). Seasonal variations of CN in the Antarctic
region show a maximum in summer and minimum in winter (e.g., Ito, 1993; Bodhaine,
1995; Hayashi et al., 2011).

Most ultrafine particles in Antarctica during the austral summer are regarded as sup-
plied by new particle formation from aerosol precursors such as H2SO4 gas. Previ-25

ous investigations have suggested that aerosol precursors are H2SO4 oxidized from
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dimethylsulfide (DMS) derived from oceanic bioactivity (e.g., Gras, 1993; Ito, 1993;
Meskhidze and Nenes, 2006). Moreover, recent works suggested that organics de-
rived from oceanic bioactivity played an important role in new particle formation and
particle growth in the Antarctic regions (e.g., Meskhidze and Nenes, 2006; Asmi et al.,
2010). Because ultrafine particles can act as cloud condensation nuclei (CCN), the5

likelihood exists that aerosols indirectly affect climate change, as suggested by Shaw
(1983, 1988) and Charlson et al. (1987). Consequently, interaction among aerosols,
oceanic bioactivity, cloud processes, and climate change has been of increasing inter-
est, even that in the Antarctic regions. In contrast to indirect effects, direct effects can
be negligible in Antarctic regions (Bodhaine, 1995) because of the lower number den-10

sity of aerosol particles. For better understanding, aerosol measurements have often
been conducted in Antarctic coastal areas during the summer (e.g., Meskhidze and
Nenes, 2006). In addition to CN measurements, size distributions of ultrafine particles
in the summer were measured at Aboa Station (Koponen et al., 2003; Asmi et al., 2010)
and at Amundsen-Scott Station (Park et al., 2004) to obtain knowledge about new par-15

ticle formation, while a few year-round measurements of size distributions of ultrafine
particles have also been conducted in other Antarctic regions (e.g., Ito, 1993; Osada
et al., 2011). Although the seasonal variation of CN concentration showed a minimum
in the winter, the CN concentration increased occasionally to several hundred cubic
centimeters, even in winter. Ito et al. (1993) pointed out that the increased CN concen-20

tration in the winter corresponds to transport of oceanic air masses to Syowa Station.
Sources of CN (or ultrafine particles), however, were not discussed well.

Aerosol volatility has often been measured using pyrolytic methods to obtain indi-
rect information about aerosol constituents (e.g., O’Dowd and Smith, 1993; O’Dowd
et al., 1997). In general, secondary particles, formed by “gas-to-particle conversion”,25

have higher volatility; primary particles such as sea-salt and mineral particles have less
volatility. In this study, in addition to continuous measurements of aerosol size distri-
bution, aerosol volatility measurements were made to elucidate the seasonal variation
and volatility of ultrafine particles at Syowa Station (Antarctic coast).
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2 Measurements and analysis

Aerosol measurements were conducted as a part of an aerosol measurement pro-
gram during the 45–47th Japanese Antarctic research expedition (JARE: 2004–2007)
at Syowa Station, Antarctica (39◦ E, 69◦ S). All aerosol instruments were installed into
a “clean air observatory”. The observatory was built at the windward side ca. 400 m5

distant from the main area of Syowa Station, where a diesel power generator is located.
Details of the observatory (e.g. design of inlet and tubing) were described by Osada
et al. (2006) and Hara et al. (2008).

The CN concentration (Dp >10 nm) was monitored at 1-min intervals using a con-
densation particle counter (CPC: 3010; TSI Inc.). A scanning mobility particle sizer10

(SMPS: 3936-N-25; TSI Inc.) was used to measure the size distribution of ultrafine
particles (Dp: 5–168 nm). The SMPS measurements were conducted during Febru-
ary, 2004–December, 2006. The SMPS (3934; TSI Inc.) was operated with a ther-
modenuder (TSMPS) to obtain aerosol volatility measurements (Dp: 10–395 nm). The
thermodenuder was installed before a differential mobility analyzer (3071; TSI Inc.) in15

TSMPS. The TSMPS was operated from mid-February, 2005 to July, 2006; its opera-
tion was halted because of mechanical trouble. The aerosol volatility was measured at
room temperature (ca. 20 ◦C), 100 ◦C, and 240 ◦C, with temperatures controlled using
a programmable controller (E5AK; Omron Corp.) and a heater. Aerosol volatility was
assessed for one hour at each temperature because of the low number concentration20

in Antarctic regions (as presented in Fig. 1). Therefore, 280 min were necessary to
complete one cycle of TSMPS measurements. The scanning time for one datum was
set to 5 min in both SMPS and TSMPS measurements.

Local contamination can occur at the observatory when (1) the wind speed is lower,
(2) wind comes from direction of the main area, and (3) snow vehicles pass through25

the windward side of the observatory. The CN concentration is also extremely sensitive
to local contamination. Therefore, wind data and CN data were used to detect local
contamination. All aerosol data with contaminable wind direction of 180–300◦ were
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excluded from analyses. In addition, aerosol data were filtered when the standard
deviation of 10-min-mean CN concentration was greater than 10 % and when the wind
speed was <15 m s−1. Using those criteria, local contamination was distinguished from
moving contamination (e.g. snow vehicles). When the wind speed became greater than
15 m s−1, it came from the direction of the prevailing wind (clean air sector) at Syowa5

Station. Snow vehicles were not operated on the windward side (sea–ice area) under
conditions of strong winds and low visibility because of JARE safety guidelines, so local
contamination by combustion processes cannot occur in strong winds of > 15 m s−1.
For these reasons, we retained the aerosol data as “non-contaminated data” in the
case of wind speeds of >15 m s−1.10

Aerosol samples were collected for chemical analyses using a two-stage mid-volume
impactor with a back-up filter (cut-off diameter, 0.2 and 2.0 µm). To avoid local contam-
ination, air sucking was controlled using a wind selector. Samples were taken for 2–
3 days depending on meteorological conditions. Procedures for sample analysis using
ion chromatography were in accordance with those described by Hara et al. (2004).15

3 Results and discussion

3.1 Size distribution and volatility of ultrafine particles

3.1.1 Size distribution and volatility during summer

Figure 2 depicts examples of size distributions of ultrafine particles obtained during
summer. The size distribution of TSMPS at room temperature was matched well20

to that of SMPS. In the 100 ◦C scan, the Aitken mode (Dp: 20–100 nm) in TSMPS
was shifted to a smaller size relative to that in SMPS. The number concentrations in
fine mode (Dp > 100 nm) in TSMPS decreased markedly. Considering the different
temperatures of ambient air and sampled air in the observatory, the size distribution
was measured under dry conditions (relative humidity, usually < 10 %). Therefore, the25
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change of the size distribution in 100 ◦C cannot be explained by aerosol hygroscopicity.
Consequently, the feature of size distribution might be associated with volatilization of
semi-volatile species such as sulfates and organics. Asmi et al. (2010) reported that
ultrafine particles were composed of volatile species in addition to sulfuric acid. Most
of the aerosol particles were volatized in TMSPS with 240 ◦C scan. For this study, we5

define the remaining particles in 240 ◦C scan as “non-volatile particles”.
Figure 3 presents an example of the relation between scan temperature and the ra-

tio of CN (total number) concentration (Dp: 10–168 nm) estimated from TSMPS and
SMPS measurements. The ratio decreased gradually and slightly from room temper-
ature to 150 ◦C, although the ratio dropped considerably in 150–210 ◦C. Finally, the10

ratio at 240 ◦C was consistently lower than 0.2. Results show that the 240 ◦C scan can
discriminate volatile particles from non-volatile particles in Antarctic regions. Similar
volatility was observed at Syowa Station (Ito and Iwai, 1981), at the Antarctic Ocean
(O’Dowd et al., 1997), and at the marine boundary layer at mid-latitudes (O’Dowd and
Smith, 1993).15

In Antarctic regions during the summer, major aerosol constituents are sulfates and
methanesulfonates, as suggested by results of previous studies (e.g., Ito, 1993; Minikin
et al., 1998). Figure 4 portrays seasonal variations of concentrations of non-sea-salt
(nss-) SO2−

4 and CH3SO−
3 in Dp <0.2 µm, and the equivalent ratio of NH+

4 to sum of nss-

SO2−
4 and CH3SO−

3 at Syowa Station. Higher concentrations of nss-SO2−
4 and CH3SO−

320

were obtained for Dp <0.2 µm during summer at Syowa Station. These ions were dom-
inant in aerosol constituents of ultrafine particles (details are presented later). Median
equivalent ratios of NH+

4 to nss-SO2−
4 +CH3SO−

3 were close to 0.5 in Dp < 0.2 µm dur-
ing the summer. The ratio occasionally reached ca. 1. Consequently, ultrafine parti-
cles might be composed dominantly of (NH4)2SO4, NH4HSO4, and CH3SO3NH4 rather25

than H2SO4 and CH3SO3H. According to O’Dowd and Smith (1993) and O’Dowd et al.
(1997), H2SO4 and CH3SO3H can be volatilized at temperatures lower than 100 ◦C,
although (NH4)2SO4 and NH4HSO4 have large volatility in 180–220 ◦C. Because of the
equivalent ratio of NH+

4 to nss-SO2−
4 +CH3SO−

3 (Fig. 4c) and volatility of (NH4)2SO4
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and NH4HSO4, the aerosol volatility in Fig. 3 might be mostly attributable to volatiliza-
tion of (NH4)2SO4 and NH4HSO4 in ultrafine mode.

3.1.2 Size distribution and volatility in the winter

Figure 5 depicts examples of size distributions in the winter. Similar to size distributions
in summer, the size distribution of TSMPS was matched to SMPS at room temperature.5

Although the Aitken-mode was shifted to smaller size during the summer (as mentioned
above), no marked difference of size distribution was observed in the 100 ◦C scan in
the winter. Furthermore, most ultrafine particles remained even in the 240 ◦C scan,
which suggests that ultrafine particles mostly comprised non-volatile species during
the winter.10

3.2 Seasonal variation of volatility and aerosol constituents

The ratio of CN concentrations observed from TSMS and SMPS was estimated to
discuss the abundance of non-volatile particles. First, daily mean TSMPS data for
each temperature were corrected to fit the daily mean SMPS data using the ratio of
daily mean TSMPS and SMPS data at room temperature because TSMPS data were15

underestimated slightly relative to SMPS by long tubing of themordenuder (as shown in
Figs. 2 and 5). Then the CN concentration (Dp: 10–168 nm) in SMPS and TSMPS was
calculated, as was the number fraction of non-volatile particles (CNTSMPS/CNSMPS).

Figure 6 depicts seasonal variations of the number fraction of non-volatile particles
(Dp: 10–168 nm) and aerosol constituents of anion in Dp <0.2 µm. The number fraction20

of non-volatile particles dropped to less than 20 % in the summer at Syowa Station.
Predominance of volatile particles was observed from mid-October until early April in
2005/2006. In contrast to the summer, the number fraction of non-volatile particles was
often elevated to >90 % during winter–spring. In spite of the dominance of non-volatile
particles in the winter, the number fraction dropped occasionally to about 20 %, even in25

winter. The low fraction of non-volatile particles in the winter is discussed in Sect. 3.3.
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Figure 6b shows that major aerosol constituents were SO2−
4 , CH3SO−

3 , Cl−, and

NO−
3 at Syowa Station. During the summer, the molar fractions of SO2−

4 and CH3SO−
3

increased by > 50 %. Although SO2−
4 was obtained in the winter, SO2−

4 in the winter

was equivalent mostly to sea-salt SO2−
4 . As described above, major constituents of

volatile particles in the summer were sulfates and methanesulfonates. Taking higher5

concentration of CH3SO−
3 in the summer into account, the oceanic bioactivity might be

potential sources for aerosol precursors (e.g. DMS) converted to volatile particles, as
suggested by Minikin et al. (1998).

In contrast to aerosol constituents in the summer, the molar fraction of sea-salts
(e.g., Na and Cl) reached > 90 % in the winter. Furthermore, the Cl− concentration10

was correlated well to Na+ concentration in Dp <0.2 µm:

[Cl−]=1.3344[Na+]−0.4589 (R2 =0.998).

Therefore, Cl− is identifiable as a sea-salt constituent. Sea-salt particles are vapor-
ized at temperatures higher than 700 ◦C (O’Dowd and Smith, 1993). Therefore, sea-salt
particles are classified as “non-volatile particles” in this study. When mineral particles15

and soot particles are present, these particles are identifiable as non-volatile particles
using criteria of the present study. The mass concentrations of mineral particles and
soot, however, can be estimated to unrealistically high values along the Antarctic coast,
assuming that minerals and soot are dominant as non-volatile particles. Consequently,
most non-volatile particles in the winter might be sea-salts. Recent observations in20

the marine boundary layer (Clarke et al., 2006) and a model study (Mårtensson et al.,
2003) reported that ultrafine sea-salt particles can be released from the ocean surface
through bubble bursting. Therefore, the ocean surface might be a potential source for
ultrafine sea-salt particles at Syowa during the winter.

In addition to emissions of sea-salt particles from ocean surface, previous studies25

(e.g., Wagenbach et al., 1998; Hara et al., 2004) have pointed out that sea-salt parti-
cles are released also from the sea–ice surface along the Antarctic coast during winter.
As portrayed in Fig. 7, a negative slope between Na+ concentration and nss-SO2−

4 was
14784
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clearly observed, even for Dp < 0.2 µm. A similar negative slope was observed by
Wagenbach et al. (1998) and Hara et al. (2004), who inferred that the negative slope
resulted from sulfate depletion (precipitation of Na2SO4 10H2O) on sea ice during sea
ice formation. Therefore, the relation with the negative slope strongly suggests that
sea-salt particles derived from the sea–ice interface were distributed, even in ultrafine5

mode. Although sea-salt particles are expected to be released to a considerable de-
gree through wind erosion under the strong winds that prevail during winter–spring,
emission processes of ultrafine sea-salt particles remain unclear.

3.3 Low number fraction of non-volatile particles in the winter

Figure 8 presents variations of abundance of non-volatile particles, CN concentration10

and wind speed during winter. The CN concentration increased remarkably under the
storm conditions with strong winds. Simultaneously, higher abundance of non-volatile
particles was observed in higher CN concentration and strong winds, although the
abundance dropped to less than 30 % when the wind speed was low and CN con-
centration decreased. The five-day backward trajectory was computed to compare15

features of abundance of non-volatile particles and the air mass history. The trajec-
tory was calculated in vertical motion mode using the NOAA HYSPLIT model and the
NCEP reanalysis dataset (Draxler and Rolph, 2003).

Figure 9 presents examples of the backward trajectory. An air mass with high abun-
dance of non-volatile particles (day of year=153 and 171; 3 and 21 June) approached20

Syowa Station from the Southern Ocean sea–ice zone and coastal areas. This air mass
history was consistent with the high number fraction of ultrafine particles and high con-
centrations of sea-salts (e.g., Na+ and Cl−), as described above. A similar air mass
history was obtained in storm conditions and high concentrations of sea-salt particles
(Na+) (Hara et al., 2004). An air mass in low abundance of non-volatile particles (day25

of year=130 and 167; 11 May and 17 June) originated from the free troposphere over
the Antarctic continent. Because of the great distance from the ocean and sea–ice, it
is expected that the aerosol number concentrations and the concentration of sea-salt
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particles were lower in the free troposphere over the Antarctic continent during the
winter. Indeed, tethered balloon-borne aerosol measurements at Syowa Station have
revealed that the CN concentration in the lower free troposphere in June–July was
< 50 cm−3 (minimum concentration; ca. 7 cm−3) (Hara et al., 2011). In addition, higher
relative abundance of sulfate particles in fine mode (Dp: 0.2–2 µm) was obtained in the5

boundary layer and lower free troposphere at Syowa Station on 16 June (Hara et al.,
2011). Although sea-salt particles were dominant usually in the winter, the abundance
of volatile particles such as sulfate particles can increase in the air mass from the free
troposphere over the continent, even in winter.

3.4 Atmospheric implications of ultrafine sea-salt particles10

As depicted in Fig. 8, CN concentrations can increase to the order of hundreds, even in
winter, during storm conditions (Iwai, 1979; Hayashi et al., 2011; Hara et al., 2010). As
described above, ultrafine particles were predominantly composed of sea-salts in the
boundary layer in winter–spring. Although ultrafine particles were formed from aerosol
precursors derived from oceanic bioactivity during the summer (e.g., Ito, 1993), the15

supply of sea-salt particles might contribute substantially to the sustenance of ultra-
fine particles in the Antarctic coasts during winter–spring. Yamanouchi et al. (1999)
reported that aerosols were enhanced in both the boundary layer and the free tro-
posphere over the Antarctic coasts after the passing of a cyclone. Sea-salt particles
can act as cloud condensation nuclei (CCN) because of strong hygroscopicity. There-20

fore, sea-salt particles might be an important CCN in the Antarctic troposphere during
winter–spring. The dominance of sea-salt particles during winter–spring strongly sug-
gests that dispersion of sea-salt particles supplied from sea ice and the sea surface
might be an important CCN source in the Antarctic troposphere during winter–spring.
Although the number concentration of sea-salt particles was too low to make a direct25

effect on climate change, sea-salt particles are expected to affect the radiation budget
and impact climate during winter–spring in Antarctic regions through cloud formation
(i.e. indirect effect). To elucidate the contribution of sea-salt particles, additional field
observations and model estimation are needed in the future.
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4 Summary and conclusions

Size distributions and volatility of ultrafine and fine aerosol particles were measured
using SMPS and TSMPS at Syowa Station, Antarctica from February 2005 until July
2006. Most particles in fine mode were vaporized when exposed to 100 ◦C during the
summer and the ultrafine mode shifted to a smaller size in many cases. Furthermore,5

most ultrafine particles were volatized when exposed to 240 ◦C. The abundance of
volatile particles increased by more than 90 % during summer. Aerosol constituents in
ultrafine particles (Dp < 0.2 µm) were dominantly SO2−

4 and CH3SO−
3 . Large volatility

was found in < 100 ◦C and in 150–210 ◦C. Consequently, major aerosol constituents
might be CH3SO3H-H2SO4 and ammoniated sulfates and methanesulfonates.10

In contrast to high volatility in the summer, ultrafine mode was not shifted at exposure
of 100 ◦C during winter–spring. Most particles were retained during exposure of 240 ◦C.
Abundance of non-volatile particles increased occasionally to more than 90 % in high
CN concentration during winter–spring, although the abundance dropped occasionally
to ca. 20 % at lower CN concentrations, even in winter–spring. During winter–spring,15

sea-salt particles (e.g., Na+ and Cl−) were dominant in all size fractions. Therefore,
non-volatile particles were predominantly composed of sea-salts. Furthermore, some
sea-salt particles in ultrafine mode might be released from the sea–ice.

Abundance of non-volatile particles decreased to ca. 20 % (similar to abundance in
the summer), even in winter. Higher abundance of non-volatile particles corresponded20

to air mass transport from the Southern Ocean and coastal areas. Lower abundance
was obtained when air masses were transported from the free troposphere over the
Antarctic continent. Volatile particles such as sulfates were dominant in the free tro-
posphere, even during winter, although the CN concentration decreased to the order
of tens per cubic centimeter (occasionally < 10 cm−3) in the free troposphere during25

winter.
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Fig. 1. Variation of temperature of the thermodenuder in TSMPS measurements.
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Fig. 2. Typical examples of aerosol size distribution measured on 28 February 2005 at Syowa
Station, Antarctica under the conditions of room temperature (ca. 20 ◦C), 100 ◦C and 240 ◦C.
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Fig. 3. Typical examples of the relation between temperature and volatility of aerosol particles
at Syowa Station on 22–24 February 2005. Error bars show the standard deviation.

14793

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/14777/2011/acpd-11-14777-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/14777/2011/acpd-11-14777-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 14777–14799, 2011

Volatility of ultrafine
particles at Syowa

K. Hara et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

N
H

4+ , n
m

ol
 m

-3

0.0

0.2

0.4

0.6

0.8

1.0

ns
s-

SO
42-

, n
m

ol
 m

-3

-1.0

-0.5

0.0

0.5

1.0

Month

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

E
qu

iv
al

en
t r

at
io

 o
f

[N
H

4+ ]/(
[n

ss
-S

O
42-

]+
[C

H
3S

O
3- ])

-1

0

1

2

C
H

3S
O

3- , n
m

ol
 m

-3

-0.1

0.0

0.1

0.2

0.3

0.4

( a )

( b )

( d )

Fig.04

( c )

Fig. 4. Seasonal variation of the concentrations of NH+
4 , nss-SO2−

4 , and CH3SO−
3 , and the

equivalent ratio of NH+
4/(nss-SO2−

4 +CH3SO−
3 ) in aerosol particles with size of Dp < 0.2 µm at

Syowa Station. Concentration of nss-SO2−
4 was estimated using Na+ concentration and the

bulk seawater ratio (Wilson, 1975). In box plots, the upper bar, upper box line, black middle box
line, bottom box line, and bottom bar respectively denote values of 90 %, 75 %, 50 % (median),
25 % and 10 %. The red line represents mean values.
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Fig. 5. Typical examples of aerosol size distribution measured on 3 June 2005 at Syowa Sta-
tion, Antarctica at room temperature (ca. 20 ◦C), 100 ◦C and 240 ◦C.
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Fig. 6. Seasonal variations of the number fraction of non-volatile particles and mass fraction of
water-soluble aerosol constituents of anion in Dp <0.2 µm at Syowa Station.
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Fig. 7. Relation between Na+ and nss-SO2−
4 in Dp < 0.2 µm at Syowa Station. The concentra-

tion of nss-SO2−
4 was calculated using Na+ and bulk seawater ratio (Wilson, 1975).
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Fig.09

Fig. 9. 5-day backward trajectory in the lower and higher number fraction of non-volatile parti-
cles during the winter at Syowa Station. Circle mark the location of Syowa Station.
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