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Abstract

Tethered balloon-borne aerosol measurements were conducted at Syowa Station,
Antarctica during the 46th Japanese Antarctic expedition (2005–2006). The CN con-
centration reached a maximum in the summer, although the number concentrations
of fine particles (Dp > 0.3 µm) and coarse particles (Dp > 2.0 µm) increased during the5

winter-spring. The CN concentration was 30–2200 cm−3 near the surface (surface –
500 m) and 7–7250 cm−3 in the lower free troposphere (>1500 m). During the austral
summer, higher CN concentration was often observed in the lower free troposphere,
where the number concentrations in fine and coarse modes were remarkably lower.
The frequent appearance of higher CN concentrations in the free troposphere relative10

to continuous aerosol measurements at the ground strongly suggests that new parti-
cle formation is more likely to occur in the lower free troposphere in Antarctic regions.
Seasonal variations of size distribution of fine-coarse particles show that the contribu-
tion of the coarse mode was greater in the winter-spring than in summer because of
the dominance of sea-salt particles in the winter-spring. The number concentrations15

of fine and coarse particles were high in air masses from the ocean and mid-latitudes.
Particularly, aerosol enhancement was observed not only in the boundary layer but
also in the lower free troposphere during and immediately after Antarctic haze events
occurring in May, July, and September.

1 Introduction20

Atmospheric aerosol particles are related closely to climate change through direct
and indirect effects (e.g. IPCC, 2007). Because of the low aerosol number concen-
tration, aerosol direct effects can be negligible in Antarctic regions (Bodhaine, 1995).
Climate change through the indirect effect of coupling with aerosols and bioactivity
in the ocean has been discussed for Antarctic regions for several decades (Shaw,25

1983; Charlson et al., 1987; Meskhidze and Nenes, 2006; Ayers and Cainey, 2007).
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Aerosol measurements in Antarctic regions have been made at coastal stations: Syowa
(69◦00′ S and 39◦35′ E) (Ito et al., 1989, 1993; Osada et al., 1998; Hara et al., 2004),
Halley (75◦36′ S, 26◦19′ W) (Wolff et al., 1998; Rankin and Wolff, 2003), Neumayer
(70◦39′ S, 08◦15′ W) (Wagenbach et al., 1998; Minikin et al., 1998), Dumont d’Urville
(66◦40′ S; 140◦00′ E) (Legrand et al., 2001), and Mawson (67◦36′ S 62◦52′ E) (Savoie5

et al., 1992, 1993). They have also been made at inland stations: Dome-F (77◦19′ S
39◦42′ E) (Hara et al., 2004), Kohnen (75◦00′ S 00◦04′ E) (Weller et al., 2007), Con-
cordia (75◦ S, 123◦ E) (Jourdain et al., 2008), and at the South Pole (Amundsen Scott)
(90◦ S) (Bodhaine, 1995). These observations, however, were conducted on the ground
surface because of severe conditions and limitations of logistic works in Antarctic re-10

gions. Some investigations have pointed out the likelihood of aerosol transport through
the free troposphere (e.g. Hara et al., 2006) and new particle formation in the free tro-
posphere (Ito et al., 1993; Koponen et al., 2002). Vertical and seasonal distributions of
the aerosol number concentration and constituents in the upper atmosphere, however,
are poorly known for Antarctic regions because aerosol measurements in the free tro-15

posphere over Antarctica are limited. Aerosol measurements in the free troposphere
must be done simultaneously with those at ground level to elucidate aerosol prop-
erties (e.g. number concentrations and constituents) and aerosol-related processes
(e.g., transport processes, heterogeneous reactions, and cloud interaction) in Antarctic
regions.20

Previous aerosol measurements in the upper atmosphere of Antarctic regions were
conducted using (1) airplanes (Yamazaki et al., 1989; Yamanouchi et al., 1999; Wada
et al., 2001; Hara et al., 2006; Osada et al., 2006), (2) balloon-borne particle coun-
ters (i.e. aerosol sonde) (Ito et al., 1986; Hayashi et al., 2001), and (3) tethered
balloons (Rankin and Wolff, 2002). Airplane-borne aerosol measurements have a25

distinct advantage in payload: many aerosol properties can be measured simultane-
ously. Severe logistics preparation and large costs, however, are necessary for such
operations. Launched balloon-borne aerosol measurements can provide vertical fea-
tures of aerosol number concentration in a wide vertical range (surface–stratosphere).
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Because recovery of the aerosol instruments and samples for chemical analysis are dif-
ficult and occasionally dangerous to obtain in Antarctic regions, only radio-transmissive
data (e.g. number concentration) are obtained in the launched balloon-borne aerosol
measurements. Tethered balloon-borne aerosol measurements can easily obtain
aerosol samples and the number concentrations, although the observable altitude is5

restricted by the winch-line length and wind speed. Tethered-balloon systems were
used for aerosol measurements in the lower troposphere (surface – lower free tropo-
sphere) in this study.

Aerosol measurements in the Antarctic free troposphere have been implemented
using airplanes at Syowa Station as a part of Japanese Antarctic Research Expedi-10

tion (JARE) (Iwasaka et al., 1985; Yamazaki et al., 1989; Yamanouchi et al., 1999;
Wada et al., 2001; Osada et al., 2006; Hara et al., 2006). These previous works in-
dicated (1) aerosol enhancement in free troposphere immediately after cyclone pass-
ing (Yamanouchi et al., 1999), (2) appearance of a CN-enhanced layer in lower free
troposphere (Osada et al., 2006), and (3) transport of sea-salt particles and mineral15

particles from mid-latitudes through the free troposphere (Yamazaki et al., 1989; Hara
et al., 2006). Because of guidelines for safe airplane operation in JARE, airplanes
were not operable during the polar night (mid-May–mid-July). A few launched-balloon-
borne aerosol measurements were conducted at Syowa Station even during the win-
ter (Hayashi et al., 2001). Therefore, aerosol properties (e.g. number concentration,20

and chemical constituents) are poorly known in the upper boundary layer and free
troposphere during the winter. Furthermore, our previous investigation showed oc-
casional occurrence of Antarctic haze at Syowa Station during winter-spring (Hara et
al., 2010). The vertical structure and distributions of the haze layer, however, remain
unknown. Consequently, the present study was undertaken to elucidate vertical and25

seasonal features of aerosol physicochemical properties in the Antarctic troposphere
from year-around tethered balloon-borne aerosol measurements. Here, we discuss
mainly (1) seasonal and vertical distributions of aerosols, (2) new particle formation
events in the upper atmosphere, and (3) vertical structures of Antarctic haze.
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2 Measurements

A tethered-balloon was applied to aerosol measurements to ascertain vertical features
of aerosol number concentrations and aerosol constituents in the lower troposphere.
Instruments for the tethered balloon system and aerosol measurements are presented
in Table 1. Tethered-balloon (TTB-329; Vaisala) and tether line (TTL-324; Vaisala) were5

used for the operation. The tethered balloon was made of urethane film. The balloon
size and payload were, respectively, 5.2 m long, 2.3 m diameter, and ca. 5.5 kg. A hand-
held type condensation particle counter (CPC: 3007; TSI Inc.) was used to measure
the concentration of condensation nuclei (CN) larger than 10 nm diameter. A portable
optical particle counter with six size channels (OPC: KR-12A; Rion Co. Ltd.) was used10

to obtain the number concentration and size distribution of aerosol particles larger than
0.3 µm in diameter. The sampling resolution was adjusted to 1 s in CPC and ca. 23 s
(every 1 L) in OPC. Aerosol data were recorded by built-in data loggers in CPC and
OPC, and were downloaded after the measurements. Meteorological data (pressure,
temperature, relative humidity, wind direction, and wind speed) were obtained using15

tether-sonde (Tether sonde, TTS-111; Vaisala). Because aerosol measurements were
made at lower temperatures, the CPC, OPC and aerosol impactor were installed into
insulator boxes during the measurements. The ca. 5 cm length conductive tubes were
set to the inlet of CPC and OPC to take in ambient air. The insulator box was fixed
ca. 30 m below the balloon. The tether sonde was fixed on the tether line less than20

2–3 m from the aerosol instruments.
Tethered balloon operation was conducted at the C-heliport, located windward of

prevailing winds and ca. 600 m distant from the main area of Syowa Station. For safe
operation, tethered-balloon-borne aerosol measurements were made under conditions
with weaker surface winds (mean <5 m s−1). In the case of strong winds (>12 m s−1)25

in the upper atmosphere the balloon stopped ascending and then descended to avoid
breakage of the tether-line and balloon. When thick clouds appeared at observable
altitude over Syowa Station, the measurements stopped around the cloud base. In the
case of thin clouds, the aerosol measurements were continued above the clouds.
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Figure 1 depicts a typical example of the balloon trajectory during the aerosol mea-
surements. Measurements using CPC/OPC and direct aerosol sampling were oper-
ated independently because of payload limitations. In the first operation, the aerosol
number concentration and meteorological parameters were measured using CPC,
OPC, and tether-sonde. Second, direct aerosol sampling was conducted using an5

aerosol impactor and tether-sonde. Aerosol samples were taken at several levels (de-
pending on the highest altitude), which were chosen based on vertical profiles of air
temperature and relative humidity. The sampling time was 10–15 min for one sam-
ple. Here, we specifically examine vertical and seasonal variations of aerosol number
concentrations and the size distribution. Vertical and seasonal variations of aerosol10

constituents and mixing states will be discussed elsewhere.

3 Results and discussion

3.1 Air mass history

The air mass history is important to discuss transport processes, sources and sinks of
aerosols. To compare air mass history and aerosol data, the five-day backward trajec-15

tory was computed from heights of 100–2500 m (every 100 m) above ground level over
Syowa Station using vertical motion mode in the NOAA-HYSPLIT model with “NCEP
reanalysis” data (Draxler and Rolph, 2003). A pattern of backward trajectory was clas-
sified into transport from (1) the Southern Ocean, (2) Antarctic coasts, and (3) Antarctic
continent (inland). The highest and lowest latitudes during five-day backward trajectory20

are shown in Fig. 2a and b. The lowest latitudes of the air mass at altitudes lower
than 1000 m were distributed mostly in >65◦ S, as presented in Fig. 2a. Therefore, air
masses at a lower level (<1000 m) might be transported through the Antarctic coast
and continent in many cases. Transport from the Southern Ocean was often identified
at altitudes higher than 1000 m, for example on 12 February 2005 and 28 May 2005.25

In particular, air masses at 800–1000 m on 28 May 2005 were transported from the
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mid-latitudes (ca. 38◦ S). Variation of the highest latitudes during the trajectory indicates
that transport of continental air (75–80◦ S) to Syowa Station was recognized mostly at
<1500 m altitude.

The highest and lowest altitudes during the five-day backward trajectory are shown
in Fig. 2c and d. Because tethered balloon operations were conducted under calm5

weather conditions in high air pressure, downward transport from the upper tropo-
sphere over the continent was often observed as presented in Fig. 2c, when air masses
over the Antarctic continent came over Syowa Station. For instance, the air mass in the
upper troposphere (>4000 m) over Antarctic coast to the continent was transported to
the boundary layer (<1000 m) over Syowa Station during 28 June 2005. In contrast, the10

air mass in the upper atmosphere (>1000 m) over Syowa Station came from the lower
altitudes, as presented in Fig. 2d. The air mass in the boundary layer over the Southern
Ocean was transported into the free troposphere over Syowa Station (e.g. 1 August).

3.2 Seasonal and vertical variation of aerosol number concentration

3.2.1 Variation of coarse and fine particles15

Figure 3 shows seasonal and vertical features of relative humidity and the aerosol
number concentration. The number concentrations of fine (Dp > 0.3 µm) and coarse
(Dp > 2.0 µm) particles in the lower troposphere were high in the winter and lower in
the summer, likely because of strong wind in winter-spring and strong emission of sea-
salt particles from the surface of ocean and sea-ice by wind blowing processes, as20

suggested by Ito (1989) and Hara et al. (2004). This seasonal variation showed good
agreement with the continuous aerosol measurement near the surface at Syowa Sta-
tion (e.g. Ito et al., 1989, 1993). In particular, high aerosol enhancement was observed
on 23 March, 28 May, 22 July, and 30 September in this study.

The number concentrations increased to ca. 1800 L−1 in Dp >0.3 µm and ca. 315 L−1
25

in Dp > 2.0 µm on 23 March when diamond dust was observed visually during the
tethered balloon observation. The air mass on 23 March was transported from the
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boundary layer of mid-latitudes (≤50◦ S) as presented in Fig. 2. Furthermore, higher
relative humidity (60–90%) was obtained in the lower free troposphere (Fig. 3). Consid-
ering the appearance of diamond dust, high aerosol enhancement on 23 March might
be associated with poleward flow of the air mass with high aerosol concentration and
a large amount of water vapor from mid-latitudes, and particle growth to diamond dust5

by condensation of water vapor onto aerosol particles during transport.
Aerosol enhancement was also identified on 28 May, 22 July, and 30 September,

corresponding to periods during or immediately after “Antarctic haze” events recorded
at Syowa Station (Hara et al., 2010). According to our previous work (Hara et al., 2010),
air masses of “Antarctic haze” were transported from the mid-latitudes to Syowa Sta-10

tion. As presented in Fig. 3b and c, vertical features suggest that the high aerosol
concentration was extended not only to the boundary layer but also to the lower free
troposphere. For instance, the aerosol number concentration reached ca. 18 000 L−1

in Dp > 0.3 µm on 28 May and ca. 250 L−1 Dp > 2.0 µm on 22 July. Although aerosol
enhancement was observed only in the boundary layer on 22 July, aerosol enhance-15

ment was recognized also in the lower free troposphere on 28 May and 30 Septem-
ber. Airplane-borne aerosol measurements (Yamanouchi et al., 1999) and balloon-
borne OPC measurement (Japan Meteorological Agency, 2006) also indicated the
aerosol enhanced layer from near the ground to ca. 3000 m in 30 August 1997 and
18 June 2004. Consequently, the “Antarctic haze” layer might extend vertically to20

the lower free troposphere or appear in the free troposphere over Syowa Station. Al-
though seasonal features of occurrence of Antarctic haze near surface were described
by Hara et al. (2010), the appearance of the haze layer in the free troposphere and
upper boundary layer remains poorly documented. Measurement of the aerosol verti-
cal distribution is necessary to obtain more knowledge about the Antarctic haze in the25

future.
In contrast to the aerosol enhancement as described above, the number concen-

trations of fine and coarse particles were occasionally lower even in the winter, for
example on 10 May, 19 May, 16 June, and 28 June. The aerosol number concentration
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(<300 L−1 in Dp > 0.3 µm and <6 L−1 in Dp > 2.0 µm) was two orders lower than the
aerosol enhancement. Backward trajectory results suggest that air masses originated
from the free troposphere over the Antarctic continent (Fig. 2). Here, it is notewor-
thy that tethered balloon operation was restricted by surface wind conditions, so that
the observation data in the present study were taken mostly in calm weather in high-5

pressure conditions. Continuous aerosol measurements at the surface (e.g. Hara et
al., 2004, 2010) indicated that lower number concentrations were infrequent during
winter-spring at Syowa Station.

Previous investigations revealed that the aerosol concentrations in the winter in-
creased clearly under storm conditions resulting from the cyclone approach (e.g., Ito10

et al., 1989; Hara et al., 2004, 2010). Because aerosol particles were composed dom-
inantly of sea-salts (e.g. Na+ and Cl−) during winter-spring (Hara et al., 2004, 2010),
the number concentrations in the Antarctic coast during winter-spring might be asso-
ciated with emission and transport of sea-salt particles from the ocean and sea-ice
areas. In contrast to the winter, storm conditions attributable to a cyclone approach15

are not frequent in the summer (Sato and Hirasawa, 2007), so that insufficient sea-salt
emission might result in lower concentration in fine and coarse particles in the summer.
Indeed, the concentration of sea-salt particles was lower during the summer at Syowa
Station (Hara et al., 2004).

Aerosol number concentrations of coarse and fine particles were lower in the free tro-20

posphere (>1200 m) than those in the boundary layer (<1000 m). The mean concen-
tration of fine particles (Dp > 0.3 µm) was on the order of 103 L−1 (maximum >104 L−1)
near surface and in free troposphere during the winter, although it was on the order of
103 L−1 in the boundary layer and order of 102 L−1 in the free troposphere during the
summer. However, the number concentration of coarse particles (Dp >2.0 µm) ranged25

in 1–100 L−1 in the free troposphere and 4–200 L−1 in the boundary layer during the
winter, and <10 L−1 in the free troposphere and 2–30 L−1 in the boundary layer during
the summer. As described above, aerosol enhancement during winter was obtained in
transport from the Southern Ocean and the Antarctic coast. Previous air-borne aerosol
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measurements by Yamanouchi et al. (1999) suggested considerable aerosol enhance-
ment in the free troposphere immediately after passing of a cyclone. Consequently,
poleward flow from the mid-latitudes and vertical mixing of aerosols by a cyclone ap-
proach might enhance the higher aerosol concentration even in the free troposphere
during winter-spring.5

For comparison of the aerosol size distribution, the Junge-slope was estimated in
this study. The size distribution of fine-coarse particles can be approximated using the
following equation (Junge, 1963);

dN
d logDp

=αe−β, (1)

where α and β respectively stand for a constant and Junge-slope. Here, the Junge-10

slope (β) was estimated in the size range of 0.3–5.0 µm in diameter. When the number
concentration of coarse particles is lower or that of fine particles is higher, β can be
a higher value. As shown in Fig. 3d, negative values of β were observed at altitudes
with cloud appearance on 23 April, 16 June, 4 September, and 3 November. The
negative values might result from higher concentration in coarse mode because of15

cloud activation. With the exception of the cloud layer (β < 0), β was 1.5–3.0 over
Syowa Station. The range of β in this study was slightly lower than that (β: 1.6–5.3)
observed at altitudes lower than 2500 m using an airplane (Osada et al., 2006). This
difference might result from underestimation of the number concentration of coarse
particles in airplane-borne aerosol measurements because the high speed of airplanes20

and the long-tube between inlet and OPC can engender significant losses of coarse
particles.

In the lower free troposphere (>1200 m), β was 2.2–3.2 (median β=2.5) in summer–
autumn (January–March and December) and 1.5–2.8 (median β=2.4) in winter-spring
(April–November), whereas β in the boundary layer was 2.2–2.7 (median β = 2.5) in25

summer–autumn (January–March and December) and 1.7–2.4 (median β = 2.2) in
winter-spring (April–November). Because of the vertical gradient of the number con-
centration of coarse particles, βgn the boundary layer tended to be lower than that
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in the free troposphere. The marked contrast of β between the summer and winter
is likely to be related to major aerosol constituents and their size distribution. In the
austral summer, major aerosol constituents are CH3SO−

3 and non-sea-salt (nss-) SO2−
4

which are distributed in ultra-fine and fine particles and which are derived from bioac-
tivity in the ocean (e.g., Ito 1993; Minikin et al., 1998). Meanwhile, sea-salt particles5

are dominant on the Antarctic coast in the winter (Hara et al., 2004, 2005, 2010). High
concentrations of CH3SO−

3 and nss-SO2−
4 and low concentration of sea-salt particles

in the summer can engender higher β, and vice versa in the winter. Although β was
usually lower in the winter, β occasionally dropped to <2 even in the autumn–spring
(23 March, 10 April, 23 April, 16 June, 22 July, and 4 September) when diamond dust10

or conditions of higher relative humidity were observed. Air masses with lower β value
were transported from ocean and the Antarctic coast, as presented in Fig. 2. There-
fore, lower β in the winter might be attributed to the transport of sea-salt particles and
hygroscopic growth. In contrast, higher β was observed also in the winter (10 and
19 May, 28 June, and 18 August) when air masses came from the free troposphere or15

from over Antarctic continent (Fig. 2). Less coarse particles in the free troposphere or
inland area can engender high β in such cases.

3.2.2 Seasonal and vertical features of CN concentration

Figure 3e depicts seasonal and vertical features of CN concentration over Syowa Sta-
tion. In the observed altitude (surface – ca. 2500 m), the CN concentration showed20

clear seasonal features with maximum in summer and minimum in winter. The sea-
sonal features were similar to those of the CN variation at the ground level of Antarctic
coasts (Ito et al., 1993; Gras et al., 1993). In end-January–March and mid-September,
higher CN concentrations were observed in the free troposphere (>1200 m). The CN-
enhanced layer in the free troposphere was not obtained during the winter. Details25

of CN-enhanced layer will be discussed in a later Sect. 3.3. Although the CN con-
centration was usually lower in the winter, a higher CN concentration was obtained
in the winter when the air masses were transported from the Southern Ocean and
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the Antarctic coast (e.g. 28 May and 28 June). Considering that the CN concentra-
tion on the ground increased drastically to >500 cm−3 even in the winter under the
storm conditions (Hara et al., 2010), the higher CN concentration in the winter might
be associated with (1) transport from the mid-latitudes because of a cyclone approach
and (2) wind-blowing aerosol emission from the ocean surface and sea-ice. Indeed,5

aerosol enhancement after the storm conditions was observed occasionally at ground
level (Hara et al., 2010) and in the free troposphere (Yamanouchi et al., 1999). More
information related to aerosol properties such as the size distribution and chemical
compositions must be obtained to elucidate the sources of CN during the winter.

Figure 4 depicts box plots of the CN concentration at each altitude. During tethered10

balloon borne measurements, the highest altitude of surface inversion layer reached
to ≈300 m (average, 180 m), although surface inversion layer was not observed in the
summer. Height of boundary layer ranged in 420–1400 m and was mostly lower than
1000 m (average, 840 m). Therefore, CN concentration in >1500 m shows seasonal
feature in the free troposphere over Syowa. The CN concentration at surface–300 m15

varied by two orders (30–2200 cm−3) during the year, although it varied by three orders
(7–7250 cm−3) at altitudes higher than 1500 m. The CN concentration was not signifi-
cantly different between in surface inversion (<300 m) and boundary layer (300–650 m
and 650–1000 m). Surprisingly, the lowest CN concentration was dropped to <10 cm−3

in the free troposphere during the winter. The CN concentration in the boundary layer20

and surface inversion was higher than that in the free troposphere in the winter –spring.
However, the CN concentration in the free troposphere was higher than that at the
surface–300 m in January–March and in September. As depicted in Fig. 3e, the ver-
tical gradient is expected to result from appearance of the CN-enhanced layer in the
free troposphere on 26 January, 12, 16 February, 14 March, and 17 September. Air25

masses in the CN-enhanced layer originated mostly from the Southern Ocean (see
Fig. 2). Therefore, new particle formation was expected to take place in association
with aerosol precursors derived from oceanic bioactivity.
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3.3 The CN-enhanced layer over Syowa Station

Among the 27 tethered balloon observations conducted during the year, a CN-
enhanced layer in the free troposphere was obtained on 26 January, 12, 16 February,
14 March, and 17 September. Figure 5 portrays the vertical distributions of aerosol
number concentrations in the cases of appearance of CN-enhanced layer. In general,5

the CN concentration was influenced considerably by local contamination. The ice-
breaker Shirase (vessel) and helicopters operated around Syowa Station for logistic
and scientific work from end-December until early February. Helicopters were oper-
ated usually below ca. 70 m (200 ft) above ground level. Furthermore, no helicopter
was operated in cases of appearances of the CN-enhanced layer. Vertical profiles of10

the potential temperature and relative humidity suggest that the CN-enhanced layer
appeared in the free troposphere. Although Syowa Station was a strong contamination
source itself, vertical mixing might be insufficient to lift contaminated air on the ground
up to the free troposphere. Therefore, we can conclude that the CN-enhanced layer in
the free troposphere was unaffected by local contamination.15

The CN-enhanced layer was observed frequently in January-mid-March and
September during the observations. The CN concentration in the layer was 1400–
7250 cm−3 in 2005. Furthermore, the aerosol number concentrations of pre-existing
particles (fine and coarse particles) decreased clearly at the height of the CN-enhanced
layer. Although the CN-enhanced layer was not identified from October until December20

in the present study, Osada et al. (2006) reported a CN-enhanced layer observed on
29 November 2004. The CN concentration increased by approximately 2900 cm−3 in
the CN-enhanced layer of November 2004 (Osada et al., 2006). The CN concentration,
surprisingly, reached more than 7000 cm−3 in the layer on 12 February. Continuous
CN measurements (Dp >10 nm) at ground level at Syowa Station showed that monthly25

median CN concentration was ca. 450 cm−3 in February 2005 and that most CN data
(>90%) was distributed less than 1000 cm−3 in February 2005. Consequently, the CN
concentration in the layer was several tens of times higher than that on the ground level
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at Syowa Station. The altitude of the CN-enhanced layer was distributed mostly in the
free troposphere with lower relative humidity (<40%).

As described above, CN-enhanced layers over Syowa Station were distributed in the
lower free troposphere with the conditions of lower relative humidity and aerosol num-
ber concentrations of pre-existing particles. According to a model estimation by Pirjola5

et al. (2000), new particle formation in remote area such as Antarctic regions prefers to
proceed in free troposphere with the lower number concentrations of pre-existing parti-
cles. Moreover, results of previous investigations suggested that lower relative humidity
and strong solar radiation are favorable conditions for new particle formation (Boy and
Kulmala, 2002; Vehkamäki et al., 2004; Hamed et al., 2007). The CN-enhanced layer10

over Syowa Station satisfied these conditions. Therefore, the layers are expected to be
associated with new particle formation.

For new particle formation, an air mass with higher concentrations of aerosol pre-
cursors must be transported over Syowa Station. Results of previous investigations
suggest that aerosol precursors (e.g. H2SO4 gas) in the Antarctic troposphere were15

derived from bioactivity in the ocean (Ito, 1993; Gras et al., 1993; Minikin et al., 1998).
To discuss the air mass origin in the CN-enhanced layer, the five-day backward trajec-
tory was calculated as depicted in Fig. 6. Except for the case on 26 January, the air
mass came from the marine boundary layer (16 February and 14 March) or lower free
troposphere over the southern ocean (52–60◦ S) prior 5 days. Osada et al. (2006) also20

presented similar air mass history in the case of the CN-enhanced layer in November,
2004. The air mass of CN-enhanced layer on 26 January was located at Antarctic
coasts on the prior five days. Eight-day backward trajectory, however, indicated pole-
ward flow from the Southern Ocean to the Antarctic coast for 26 January (not shown).
Consequently, air masses of the CN-enhanced layer might be transported from the25

Southern Ocean. In contrast, the air mass origin in November–December, when CN
layer was not observed, was the free troposphere over Antarctic coasts and the Antarc-
tic continent, except for the case on 5 December, as presented in Fig. 2. Consequently,
the air mass history of CN-enhanced layer suggests strongly the link between new
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particle formation and oceanic bioactivity. Plausible aerosol precursors and condens-
able vapors in the Antarctic coasts during the austral summer are H2SO4, dimethylsul-
fide (DMS), CH3SO3H (MSA) and organics, which are derived from biogenic activity in
the ocean. Indeed, previous works presented that these concentrations were higher
in the Antarctic coasts and the Southern Oceans during the summer (e.g., Eisele and5

Tanner, 1993; Jefferson et al., 1998a, b; Inomata et al., 2006; Eisele et al., 2008).
The CPC used for this study can measure the number concentration of CN larger

than 10 nm in diameter. Therefore, new particles (Dp < 2 nm) must be grown up to
Dp >10 nm to be detected as a “CN-enhanced layer”. With suggestion of the backward
trajectory (Fig. 6), the CN-enhanced layer must be formed within several days to one10

week from new particle formation, when new particle formation occurred in the South-
ern Ocean to the Antarctic coasts. Here, we attempt to estimate the time for particle
growth from new particles (Dp = 1 nm) to particles in nucleation mode (Dp > 10 nm).
According to Kulmala et al. (2001), the growth-rate of aerosol particles in nucleation
mode can be expressed as the following equation.15

dr
dt

=
mvβmDC

rρ
(2)

In Eq. (2), C, r , mv, βm, D, and ρ respectively signify the concentration of condensable
vapor, particle radius, molecular mass of condensable vapor, transitional correction
factor for mass flux, diffusion coefficient, particle density. The value of βm is calculated
according to the following equation.20

βm =
Kn+1

0.377Kn+1+ 4
3α

−1K 2
n +

4
3α

−1Kn

(3)

Here, Kn is the Knudsen number (given by the Eq. 4), and α denotes the mass accom-
modation coefficient. The value of Kn is given as shown below.

Kn =
λ
r

(4)
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In Eq. (4), λ represents the mean free path. Equation (2) can be integrated from r0 to
r to obtain

C=

ρ
{

r2−r2
0

2 +
( 4

3α −0.623
)
λ(r−r0)+0.623λ2 ln

(
λ+r
λ+r0

)}
∆tDmv

. (5)

In this study, we assume that the radius of new particle (r0) is 0.5 nm. Previous aerosol
measurements taken during the summer at the Antarctic coast showed that the impor-5

tant condensable vapors are H2SO4, and methanesulfonic acid (MSA) derived from
oceanic bioactivity (Eisele and Tanner, 1993; Jefferson et al., 1998a, b; Eisele et al.,
2008). Furthermore, recent works have shown that organic vapors can act as condens-
able vapors even in Antarctic troposphere (Meskhidze and Nenes, 2006; Asmi et al.,
2010). In the present study, however, only H2SO4 and MSA are considered as “con-10

densable vapors” because of a lack of knowledge (e.g. concentrations and compounds)
about organic vapors in Antarctic troposphere. Although α of H2SO4 and MSA is typ-
ically assumed to be unity, Eisele and Turner (1993) suggested α = 0.5 for the mass
accommodation coefficient of H2SO4 from field observations. Here, the time for parti-
cle growth was estimated as α=0.5 and α=1. The air temperature of 253–273 K was15

used to calculate particle growth, assuming the condition of lower free troposphere in
the summer Antarctic coast. Diffusion coefficients of H2SO4 and CH3SO3H were in
accordance with those reported by Hansen and Eisele (2000) and Hansen (2005). We
assumed that concentrations of the condensable vapors were constant during the par-
ticle growth from new particles (Dp = 1 nm) to particles with the size of Dp = 10 nm in20

this estimation.
Figure 7 presents the relation between the concentrations of condensable vapors

and the time for particle growth to Dp > 10 nm. As portrayed in Fig. 7a, the time for
particle growth depends on air temperature, but not to a statistically significant de-
gree. The mean free path can be larger in the upper atmosphere (lower air pressure).25

Therefore, a longer time was required for particle growth at the higher altitude. Ac-
cording to field measurements of the ambient concentrations of H2SO4 and MSA in
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the summer at Palmer Station (Jefferson et al., 1998a, b) and South Pole Station
(Mauldin III et al., 2001, 2004; Eisele et al., 2008), the sum of their concentrations
was 2×104 −2×107 mole cm−3. The time for particle growth is not a realistic value
(>100 days) when the concentrations of condensable vapors are on the order of 104

mole cm−3. Under the conditions of mean vapor concentrations in Antarctic coasts5

during the summer (H2SO4(g), 1.61×106 mole cm−3; MSA(g), 9.5×105 mole cm−3)
(Jefferson et al., 1998a, b), the time for growth was estimated as approximately 4 days
in α = 1 and 700 hPa and 7 days in α = 0.5 and 700 hPa. These times were consis-
tent with the transport time from the ocean, as estimated from the backward trajectory
depicted in Fig. 6. Under conditions with the highest vapor concentrations (order of10

107 mole cm−3), new particles can grow to Dp > 10 nm within one day. The estimated
time for particle growth was comparable with the growth rate in new particle forma-
tion (0.1–3 nm h−1) for the Antarctic coast (Koponen et al., 2003; Kulmala et al., 2004;
Virkkula et al., 2007). When organic vapors contribute significantly to particle growth,
as suggested by Meskhidze and Nenes (2006) and Asmi et al. (2010), the time for par-15

ticle growth can be shorter relative to results in Fig. 7. Consequently, the CN-enhanced
layer might be formed by new particle formation around the Antarctic coast.

In year-round SMPS measurements at Syowa Station, new particle formation events
(growth from Dp <3 nm: typically known as “banana shaped”) were observed only twice
from January 2005 through December 2005 (unpublished data). In addition, no new20

particle formation event was detected in ship-borne SMPS measurements (R/V Tan-
garoa, Hakuho-maru, training vessel Umitaka-maru, and icebreaker Shirase) around
the Antarctic coast to the Southern Ocean during the austral summer. Although nucle-
ation modes were observed occasionally in the marine boundary layer (Osada et al.,
2010) as well as the ship-borne aerosol measurements by Koponen et al. (2002), the25

mode size was mostly larger than 10 nm; marked particle growth (i.e. known as banana
shaped) from new particles (Dp < 10 nm) was not observed at all during the measure-
ments. Consequently, new particle formation around the Antarctic coast (e.g. Syowa
Station) appears to occur frequently in the lower free troposphere, as depicted in Fig. 3,
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in contrast to fewer nucleation events occurring near the surface. Because the CN-
enhanced layer was observed already at 1600–1700 m on 17 September, new particle
formation can proceed in the lower free troposphere over Antarctic coasts even in mid-
September when the following conditions are satisfied: (1) transport from the ocean
with biogenic activity, and (2) strong solar radiation sufficient for photochemical oxida-5

tion of aerosol precursors. Indeed, the CN concentration on surface level at Syowa
Station increased again from September (e.g., Ito et al., 1993; Hayashi et al., 2010).
New particles formed in the free troposphere might be grown gradually and diffused in
the Antarctic troposphere.

As presented in Fig. 5, number concentrations of pre-existing particles dropped10

clearly in the CN-enhanced layer in the lower free troposphere. Because aerosol pre-
cursors and condensable vapors were released dominantly from the ocean surface
through the biogenic activity in the Antarctic coasts, the vapors must be lifted to the
free troposphere for new particle formation in the CN-enhanced layer. Indeed, high
concentrations of DMS and DMSO, derived from oceanic bioactivity, were observed in15

the Antarctic coasts (Jourdain and Legrand, 2001; Legrand et al., 2001). In particular,
Legrand et al. (2001) pointed out vertical transport of DMS and DMSO into the free
troposphere during the summer. Vertical transport of air mass in the marine boundary
layer, however, can engender higher concentrations of both aerosols (pre-existing par-
ticles) and aerosol precursors in the lower free troposphere, so that removal processes20

of aerosols might be necessary for favorable conditions for new particle formation in the
CN-enhanced layer. For better understanding of the relation between climate change
and bioactivity in the ocean through atmospheric aerosols in Antarctic regions, more
vertical observations of aerosols must be conducted in the sea–ice margin, oceans,
and glaciers (continent). In particular, more knowledge about (1) release of aerosol25

precursors from the ocean surface, (2) vertical transport processes of the precursors
into free troposphere, and (3) occurrence of new particle formation in the lower free tro-
posphere and the boundary layer must be obtained to support quantitative estimation
of new particle formation in Antarctic regions.
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4 Conclusions

Tethered balloon-borne aerosol measurements were conducted at Syowa Station,
Antarctica throughout the year in 2005. Aerosol number concentrations in fine (Dp >
0.3 µm) and coarse particles (Dp > 2.0 µm) were lower in the summer and higher in
the winter over Syowa Station. Higher aerosol number concentrations were observed5

in air masses transported from the Antarctic coast and the Southern Ocean during
the winter, although the number concentrations decreased in the air masses over the
Antarctic continent. Consequently, aerosol emissions from the surfaces of ocean and
sea–ice through wind blowing processes might cause aerosol enhancement in fine
and coarse modes in the Antarctic coasts during winter-spring. Aerosol enhancement10

was observed occasionally not only in the boundary layer but also in the lower free
troposphere during Antarctic haze phenomena. Vertical aerosol measurements (espe-
cially in the free troposphere) are necessary for better understanding of Antarctic haze
(e.g., transport processes, climate impact, and contribution to atmospheric chemistry).
In addition, size distributions of fine-coarse particles showed clear seasonal features.15

Variation of Junge’s slope implied that coarse particles were enhanced because of
the release of wind-blowing particles during winter-spring, although fine particles were
enhanced during the summer.

Near the surface, CN concentrations were 30–2200 cm−3, but they were 7–
7250 cm−3 in the lower free troposphere (>1500 m). Seasonal variation of the CN20

concentration showed a maximum in the summer and minimum in winter in lower
troposphere. Similar to the variation of the number concentration of fine and coarse
particles, the CN concentration increased in air masses transported from the Antarc-
tic coasts and Southern Ocean in the winter-spring. During the summer, the CN-
enhanced layer often appeared in the lower free troposphere where the number25

concentrations of pre-existing particles decreased markedly. Air masses of the CN-
enhanced layer were transported mostly from the Southern Ocean within 5 days. Es-
timation of particle growth suggested that the CN-enhanced layer was formed by new
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particle formation in the free troposphere. Considering less frequent events of new
particle formation near surface at Syowa Station (twice a year in 2005) and at the
Southern Ocean – Antarctic coast, new particle formation might be more likely to occur
in the lower free troposphere of the Antarctic coasts. More information about vertical
distributions of aerosols over Antarctic coasts is necessary to elucidate them.5
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Kulmala, M., Vehkamäki, H., Petäjä, T., Dal Maso, M., Lauri, A., Kerminen, V. -M., Birmili, W.,
and McMurry, P. H.: Formation and growth rates of ultrafine atmospheric particles: a review20

of observations, J. Aerosol. Sci., 35, 143–176, 2004.
Legrand, M., Sciare, J., Jourdain, B., and Genthon, C.: Subdaily variations of atmospheric

dimethylsulfide, dimethylsulfoxide, methanesulfonate, and non-sea-salt sulfate aerosols in
the atmospheric boundary layer at Dumont d’Urville (coastal Antarctica) during summer, J.
Geophys. Res., 106(D13), 14409–14422, 2001.25

Mauldin III, R. L., Eisele, F. L., Tanner, D. J., Kosciuch, E., Shetter, R., Lefer, B., Hall, S. R.,
Nowak, J. B., Buhr, M., Chen, G., Wang, P., and Davis, D.: Measurements of OH, H2SO4,
and MSA at the South Pole during isCAT, Geophys. Res. Lett., 28(19), 3629–3632, 2001.

Meskhidze, N. and Nenes, A.: Phytoplankton and Cloudiness in the Southern Ocean, Science,
314, 1419–1423, 2006.30

Minikin, A., Legrand, M., Hall, J., Wagenbach, D., Kleefeld, C., Wolff, E., Pasteur, E., and
Ducroz, F.: Sulfur – containing species (sulfate and methanesulfonate) in coastal Antarctic
aerosol and precipitation, J. Geophys. Res., 103(D9), 10975–10990, 1998.

7577

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/7555/2011/acpd-11-7555-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/7555/2011/acpd-11-7555-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2007JD009584
http://dx.doi.org/10.1029/2002JD002533
http://dx.doi.org/10.1029/2003JD003614


ACPD
11, 7555–7591, 2011

Variations of aerosol
particles in the

Antarctic
troposphere

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
|

Osada, K., Hayashi, M., Ui, H., and Iwasaka, Y.: Ionic constituents in aerosol particles at Syowa
Station, East Antarctica, during 1996, Polar Meteorol. Glaciol., 12, 49–57, 1998.

Osada, K., Hara, K., Wada, M., Yamanouchi, T., and Matsunaga, K.: Vertical distribution of
atmospheric aerosol particles over Syowa Station, East Antarctica: Airborne observations
from spring to summer in 2004, Polar Meteorol. Glaciol., 20, 16–27, 2006.5

Osada, K., Hara, K., Yabuki, M., Nishita, C., Kobayashi, H., Miura, K., Ueda, S., Hayashi, M.,
Hashida, G., Shiobara, M., Wada, M., and Yamanouchi, T.: Observations of atmospheric
aerosol particles over the Antarctic Ocean by ocean research vessels, Antarctic records, in
press, 2010 (in Japanese with English abstract).

Pirjola, L., O’Dowd, C., Brooks, I., and Kulmala, M.: Can new particle formation occur in the10

clean marine boundary layer?, J. Geophys. Res., 105(D21), 26531–26546, 2000.
Pszenny, A., Castelle, A., Galloway, J., and Duce, R.: A Study of the Sulfur Cycle in the Antarctic

Marine Boundary Layer, J. Geophys. Res., 94(D7), 9818–9830, 1989.
Rankin, A. M. and Wolff, E. W.: Aerosol Profiling Using a Tethered Balloon in Coastal Antarctica,

J. Atmos. Ocean. Technol., 19, 1978–1985, 2002.15

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

Sato, K. and Hirasawa, N.: Statistics of Antarctic surface meteorology based on hourly data in
1957–2007 at Syowa Station, Polar Sci., 1, 1–15, 2007.

Savoie, D. L., Prospero, J. M., Larsen, R. J., and Saltzman, E. S.: Nitrogen and sulfur species20

in aerosols at Mawson, Antarctica, and their relationship to natural radionuclides, J. Atmos.
Chem., 14, 181–204, 1992.

Savoie, D. L., Prospero, J. M., Larsen, R. J., Huang, F., Izaguirre, M. A., Huang, T., Snowdon,
T. H., Custals, L., and Sanderson, C. G.: Nitrogen and sulfur species in Antarctic aerosols
at Mawson, Palmer Station, and Marsh (King George Island), J. Atmos. Chem., 17, 95–122,25

1993.
Shaw, G.: Bio-controlled thermostasis involving the sulfur cycles, Climatic Change, 5 297–303,

1983.
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Table 1. List of equipment and instruments for tethered-balloon borne aerosol measurements
at Syowa Station, Antarctica.

Instrument Type Manufacturer Memo

Tethered balloon TTB-329 Vaisala Payload ca. 5.5 kg
Electric winch TTW-111 Vaisala
Tether line TTL-324 Vaisala Length, 3000 m

(240# 3 km)
Tether sonde TTS-111 Vaisala Sensor was changed periodically.
Data receiver SPS-220T Vaisala
Condensation particle CPC-3007 TSI Measurable size, Dp >10 nm
counter
Optical particle counter KR-12 RION Measurable size, Dp >0.3,0.5,0.7,

1.0, 2.0, and 5.0 µm
2-stage aerosol impactor Custom made ARIOS Cut-off diameter, 0.2 and 2.0 µm
Command receiver for Custom made Sky remote
impactor
Radio controller for NET J120HS JR
impactor (72 MHz)
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Fig. 1. Typical balloon trajectory.

7581

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/7555/2011/acpd-11-7555-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/7555/2011/acpd-11-7555-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 7555–7591, 2011

Variations of aerosol
particles in the

Antarctic
troposphere

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
|

(c
) H

ig
he

st
 L

at
itu

de

A
lti

tu
de

, m

0
500

1000
1500
2000
2500

(b
) L

ow
es

t L
at

itu
de

A
lti

tu
de

, m

0
500

1000
1500
2000
2500

40
45
50
55
65
70

70

75

80

85

90

(e
) L

ow
es

t a
lti

tu
de

A
lti

tu
de

, m

0
500

1000
1500
2000
2500

2005
    Jan    Feb    Mar    Apr    May    Jun    Jul    Aug    Sep    Oct    Nov    Dec

0
500
1000
1500
2000
2500

Fi
g0
2

0
1000
2000
3000
4000
5000

(d
) H

ig
he

st
 a

lti
tu

de
A

lti
tu

de
, m

0
500

1000
1500
2000
2500

0
20
40
60
80
100

(a
) R

el
at

iv
e 

hu
m

id
ity

A
lti

tu
de

, m

0
500

1000
1500
2000
2500
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tion, Antarctica: (a) relative humidity, (b) the lowest latitude in 5-day backward trajectory, (c) the
highest latitude, (f) the highest altitude, and (e) the lowest altitude.
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Fig. 3. Seasonal and vertical features of (a) relative humidity, (b) the number concentration of
aerosols (Dp > 0.3 µm), (c) the number concentration of aerosols (Dp > 2.0 µm), and (d) Junge
slope, and (e) CN concentration, at Syowa Station, Antarctica.
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Fig. 3. Continued.
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Fig. 4. Seasonal variation of CN concentration in each altitude.
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Fig. 4. Continued.
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Fig. 5. Vertical distributions of the number concentration of aerosols, relative humidity and
potential temperature in the case of appearance of CN-enhanced layer over Syowa Station.
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Fig. 6. 5-day backward trajectory in appearance of CN-enhanced layer: (a) 26 January, 2005,
(b) 12 February, (c) 16 February, (d) 14 March, and (e) 17 September. Red lines represent the
trajectory from CN-enhanced layer.
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Fig. 6. Continued.
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Fig. 7. Relationship between time to grow to Dp > 10 nm and concentration of condensable
vapors.
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