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Abstract. Unusual aerosol enhancement is often observed aherosol enhancement occurred mostly in surface—lower free
Syowa Station, Antarctica, during winter and spring. Simul- troposphere (3 km) during the period July—September.
taneous aerosol measurements near the surface and in the up-

per atmosphere were conducted twice using a ground-based

optical particle counter, a balloon-borne optical particle

counter, and micropulse lidar (MPL) in August and Septem-1  Introduction

ber 2012. During 13-15 August, aerosol enhancement oc-

curred immediately after a storm condition. A high backscat- The Antarctic region, which is isolated from human activ-
ter ratio and high aerosol concentrations were observed fronfy on other continents of low latitudes and midlatitudes, is
the surface to ca. 2.5km over Syowa Station. Clouds apregarded as the cleanest on the Earth. In general, aerosol
peared occasionally at the top of the aerosol-enhanced |ayé]umber concentrations in the Antarctic coasts are lower
during the episode. Aerosol enhancement was terminated offl@n those in other regions (e.g., Ito, 1989, 1993; Weller
15 August by strong winds from a cyclone’s approach. In €t al.,, 2011). Generally speaking, the mean concentration
the second case, on 5-7 September, aerosol number conce®f-combustion-origin species such as black carbon (BC) is
trations in Dp>0.3m near the surface reached 410! lower than 10ngm? at the Antarctic coasts and in inland

at about 15:00 UT (Universal Time) on 5 September despite2reas (Bodhaine, 1995; Wolff and Cachier, 1998; Pereira et
calm wind conditions, whereas MPL measurement exhibitec®l-, 2006; Weller et al., 2013). The BC levels suggest that
aerosols were enhanced at about 04:00 UT at 1000—1500 i€ Antarctic region remains in the cleanest of conditions, al-
above Syowa Station. The aerosol enhancement occurrediough previous investigations have pointed out that BC is
near the surface to ca. 4km. In both cases, air masses witpuPplied mostly by long-range transport from biomass burn-
high aerosol enhancement below 2.5-3 km were transportetd in South America, Africa, and Australia (van der Werf et
mostly from the boundary layer over the sea-ice area. In ad@l-» 2006, 2008; Fiebig et al., 2009; Hara et al., 2010). Nev-
dition, air masses at 3—4 km in the second case came from th@'theless, haze phenomena have occurred at Syowa Station,
boundary layer over the open-sea area. This air mass histor@ntarctica, because of remarkably high aerosol concentra-
strongly suggests that dispersion of sea-salt particles frondions during winter and spring in 2004-2006 (Hara et al.,
the sea-ice surface contributes considerably to aerosol er?010).

hancement in the lower free troposphere (about 3km) and The following basic physical and chemical properties of
that the release of sea-salt particles from the ocean surfad®e Antarctic haze (aerosol enhancement) were obtained
engenders high aerosol concentrations in the free troposphefe@m ground-based aerosol measurements at Syowa Sta-

(3—4 km). Continuous MPL measurements indicate that highion in 2004-2006 (Hara et al.,, 2010, 2011a) under the
following conditions. (1) Visibility dropped to <10km in

spite of calm wind conditions and a lack of drifting snow.
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(2) Haze conditions often occurred immediately after storm2 Aerosol measurements and data analysis

conditions attributable to a cyclone’s approach. (3) Aerosol

number concentrations near the surface increased in ah 1 cContinuous aerosol measurements near the surface
size ranges (10nm—supermicrometer). (4) Concentrations of
combgstmn-on_gm aerosol species such as BCg N@nd_ yowa Station (69.008, 39.59 E) is located on East Ongul
organic acids increased. (5) Sea salts were the domlnar]

aerosol species in the Antarctic haze. (6) Sea-salt part land in LUtzow-Holm Bay, ca. 4 km from the Prince Olav
: Pecies | . ! Z€. . . p_ 'toast of Antarctica. Seasonal features of sea-ice extent off
cles emitted from sea-ice surface were mixed in all size

ranges Pp<0.2, 0.2-2, and >2m). (6) Surface; Gon- Syowa Station show a minimum around February and a max-

ntrations dr d after polar sunri B f restri imum in September—October (e.g., Comiso, 2010). The sea-
centrations dropped atter polar sunrise. because of restrice, margin on the 40E line is located at approximately
tions in logistics under severe conditions, in situ aerosol mea;

. .58-60 S in September—October. It is approximately 100 km
surements in the upper boundary layer—free troposphere "rom Syowa Station during the summer and 1000 km distant
Antarctic regions have limited our knowledge of the verti-

RO . uring winter and spring.

cal distributions of aerosols under Antarctic haze (aerosolOI Grc?und-based agros%l measurements were conducted at a
enhancement) conditions. Airplanes, tethered balloons, ancjclean air observatory” built on the windward side, consider-
launched balloons have been applied in several investigation%g prevailing winds, from the main area of the st:’;ltion Am-
of aerosol measurements in -the upper boundary Iayer—frersiem air was taken élt an air inlet ca. 5m above the snow sur-
troposphere over Syowa Station (Hara et al., 2011b, and re face. Details of the clean air observatory were described by
erences therein). Airplane-borne aerosol measurements cons
ducted by Yamanouchi et al. (1999) revealed high aeroso
concentrations from the surface to approximately 2300 m
above sea level (a.s.l.) over Syowa Station on 30 Augus ize ranges of which werd, (diameter) >0.3, >0.5, > 1.0
1997 immediately after the storm conditions. Balloon—borne> 2.0, >3.0, and >5.0um pThe OPC was c;alibraied us,ing
aerosol measurements taken “S"?g.a” optical particle Coun'ﬁolys,tyrene, latex spheres with a refractive index of 1.59-0i.
.(OPC) on 18 June 2094 also exhibited aerosol enhanceme tero:sol number concentrations were measured every minute
in the surface—approximately 3000 m a.s.l. over Syowa Sta‘counting time for 58s) at a flow rate of 1L mih OPC
tion (Hara et al,, 2011b, and references therein). Tethere_cgnd CPC were operated under room temperature conditions
balloon-borne aerosol measurements over Syowa Station i ta. 20°C). The number concentrations of dry aerosol parti-
2005 revealed that aerosols were enhanced in the bour!da es were monitored in this study. Although the observatory
layer and lower free troposphere, and that sea-salt part'de\ﬁlas located on the windward side, local contamination oc-
were dominant under the aerosol-enhanced conditions (Har(a’xurS depending on wind condition; Aerosol data were fil-

et al., 2011b, 2013). These measurements provided impor: locall . . .
tant knowledge, especially knowledge related to the thick—termj to remove locally contaminated data using wind speed,

: wind direction, and the number concentration of condensa-
ness of the aerosol-enhanced layer and aerosol consntuen%;On nuclei (CN) in accordance with criteria described by

but the time series of vertical distributions of aerosol ProP-1ara et al (2010, 2011a). Meteorological data were mea-
erties under the Antarctic haze (aerosol enhancement) con- red by tHe Japa'nese Me:teorological Agency at the meteo-

" S
ditions h_ave never been reportgd. Knov_vledge al_aout Se.ason?rlogical observatory located in the main area of the station.
and vertical features of Antarctic haze is essential to discuss

and estimate the plausible impact to atmospheric chemistry

related to sea-salt and halogen cycles in atmosphere, radi#&2 MPL system and analysis

tion budgets, and climate change in the Antarctic regions. To

elucidate the seasonal and vertical structure of Antarctic haz&he vertical distributions of aerosols and clouds were mea-

(aerosol enhancement), this study combines ground-baseslred continuously using micropulse lidar (MPL; Science

aerosol measurements, remote sensing, and in situ aeros&l Engineering Service Inc.) at the Atmospheric Observa-

measurements in the upper boundary layer—free tropospheréory in the main area of the station. The MPL is a single-

This investigation aimed to understand vertical structures anadhannel elastic backscatter lidar with 523 nm wavelength. A

seasonal features of Antarctic haze (aerosol enhancementode-pumped Nd:YLF (neodymium-doped yttrium lithium

based on the simultaneous aerosol measurements conductitdoride) laser is vertically transmitted into the atmosphere

over Syowa Station, Antarctica. with a repetition rate of 2500 Hz. The backscattered light
from atmospheric gases and aerosol particles was received
with a Schmidt—Cassegrain telescope (20 cm diameter). The
field of view of the receiver is 100 10~ radians. The MPL
can receive a return signal from a 60 km range with range
resolution of 30 m. Data were acquired in the 1 min pulse-
integration mode. Details of the MPL system installed at

sada et al. (2006) and by Hara et al. (2010). Number con-
centrations and size distributions of aerosol particles were
onitored using OPC (TD100; Sigma Tech.), the measurable
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Syowa Station were reported by Shiobara et al. (2003) an®.3 Measurements with balloon-borne optical particle
Shibata et al. (2003). counter

Campbell et al. (2002) outlined correction procedures for
the MPL raw signal by accounting for ambient background Vertical features of aerosol number concentrations and size
light and instrument-specific terms. Lidar signals in the neardistributions were measured using balloon-borne OPC (Ya-
range are affected by signal losses caused by the incomplef@anashi Gijutu Kobou Co. Ltd.). The balloon-borne OPC
overlap of the laser beam and the receiver field of view.was calibrated using polystyrene latex spheres with a refrac-
Over|ap is typ|ca||y resolved in experimenta| cases usingtive index of 1.59-0i. For balloon-borne measurements, the
the horizontal lidar measurement with a spatially homoge-measurable size range of the balloon-borne OPC was set to
neous aerosol distribution in the target layer (Campbell et al. Dp >0.3,>0.5,>0.8,>1.2,>2.0, >3.4,>5.0,and > 7.0 ym,
2002). However, the observatory location was unsuitable fotwhich correspond to spherical particle diameters with a re-
observing the horizontal sightline with no obscuration. We fractive index of 1.40-0i, and which were estimated using
estimated the overlap from vertical profiles when the aerosoMie scattering theory. Threshold sizes with refractive in-
loading was low (i.e., the target layer is assumed to contairfléx 1.59-0i corresponded 12,>0.26, >0.41, >0.65, > 1.4,
no aerosols). We chose a time when the backscatter through2.3, >2.9, >4.8, and > 6.5 um. Details of the balloon-borne
the layer was roughly assumed to be a Rayleigh signal witfOPC were reported by Iwasaki et al. (2007) and Shibata et
range by referring to the molecular backscatter intensity de-al. (2012). The balloon-borne OPC was launched simultane-
rived from the mean temperature and pressure profiles obously with GPS sonde (RS03G; Meisei Electric Co. Ltd.),
served by the GPS sonde during the same season. |n Antar@\lhiCh transmits aerosol number concentration data to the

tic regions, the aerosol optical depth (AOD) under back-ground in addition to meteorological data and GPS_ data.
ground conditions is extreme|y low (Tomasi et al., 2012) Balloon-borne OPCs were launched from Syowa Station un-

The values of AOD at a wavelength of 500 nm under Antarc-der aerosol-enhanced conditions near the surface at 06:55 UT
tic background conditions are at least several times smallePn 14 August 2012 and at 14:33 UT on 6 September 2012.
than those of the Rayleigh optical depth. Therefore, this as-

sumption does not markedly affect the derived aerosol pro-, . .
. ) . o 3 Results and discussion
files. The overlap function was estimated by fitting between

the averaged lidar-returned signal under clear air conditions; 1 aAerosol enhancement on 13—-15 August 2012
and the theoretical Rayleigh profile.

The aerosol backscatter rati® & (Ba+ Bm)/Bm) from  3.1.1  Aerosol features near the surface
the lidar signal was estimated using the backward inversion
method (Fernald, 1984), whegy and Sy, respectively de-  Figure 1 depicts variations of aerosol number concentra-
note the backscatter coefficients of aerosol and moleculedions and mass concentrations near the surface at Syowa
This method assumes a linear relation between the aeros@tation during the period 13-16 August 2012. Because of
extinction coefficientrg and 5 in the form of the lidar ra-  strong winds under storm conditions, high aerosol number
tio S1 = aa/ Ba. However, the lidar ratio depends on the size concentrations were observed on 13 August 2012. For in-
distribution and the refractive index of the aerosol particlesstance, aerosol number concentrationsDin> 0.3 um and
as well as on the lidar wavelength. For example, the valuesDp>2.0 um changed from ca. 4310* to 1.1x 10*°L 1,
of Sy vary between 20 and 70 sr for six aerosol types (dustand from 580 to 212 £1, respectively, at around 19:15UT on
polluted dust, clean marine, clean continental, pollution, andl3 August when the wind speed decreased suddenly to less
biomass burning), as defined in the aerosol classification althan 5ms?. In spite of weak wind conditions (<5nT$),
gorithms and the lidar ratio selection schemes for the Cloudthe aerosol number concentrations p>0.3um and
Aerosol Lidar and Infrared Pathfinder Satellite ObservationsDp>2.0 um increased markedly to greater thax B
(CALIPSO) aerosol products (Omar et al., 2009). However,and 600 =1 respectively, at approximately 22:41 UT on 13
the values ofS1 under the Antarctic haze condition, which August. Median aerosol number concentrations in August
are emphasized in this study, cannot be defined clearly be2012 under background conditions with wind speed of less
cause we have insufficient information about the aerosol optithan 5ms?* were 28201 in Dp>0.3pm and 35t in
cal properties in this phenomenon. Therefore, we use a fixedp > 2.0 um. These concentration levels were consistent with
value of §1 = 30 sr, which is close to the mean of the values previous investigations by Osada et al. (2010) and Hara
for clean continental air (35 sr) and clean marine air (20 sr) atet al. (2010, 2011b). Indeed, aerosol number concentra-
a wavelength of 532 nm, as reported by Omar et al. (2009)tions before the storm conditions on 13 August were ap-
Vertical profiles of aerosol backscatter ratio were calculatedproximately 1980 and 4t! in Dp>0.3 andDp>2.0um,
for the 3 min averages of lidar data. respectively. Although drifting snow and fog can enhance
the aerosol number concentrations, drifting snow and fog
were not observed under conditions with calm winds and
relative humidity lower than 83 %. Consequently, the high
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number concentrations might be identified as the occurrenc@able 1. Fitting parameters in the exponential decay for aerosol
of aerosol enhancement (Antarctic haze). As reported also bypumber concentrations of each size from 09:45UT on 14 August
Hara et al. (2010), aerosol enhanced (Antarctic haze) contDOY =226.407) until 06:25 UT on 16 August (DC¥228.268).
ditions appeared immediately after storm conditions. Strong
winds by the next cyclone approach engendered drifting Size range a b* R?
snow and increased aerosol concentrations at 06:58 UT on 16 Dp>3pm 7160 253% 10-5 0.8543
August before a drop of the aerosol number f:oncentratlons at Dp>2pm 3.43% 102 1.043x10-5 0.8518
the end of aerosol enhancement. The duration of the aerosol Dp>1pm  1.39% 10 9.089x 1076 0.8496
enhancement was estimated as 56.3 h in this case. Using the Dp>05um  9.56% 108 7.133x10°% 0.8910
duration time and mean surface wind speeds, the horizontal Dp>0.3um  3.33% 10* 5468x 106 09141
scales of the Antarctic haze events were estimated at approx-
imately 405 km. * Exponential decay function ig)*= ae™
Here, we attempt to estimate the mass concentrations

using aerosol number concentrations, assuming spherical i L
shape and density of aerosol particles. The density correCentrations. Consequently, it is expected that a remarkable

sponded to the density of sulfates (ca. 1.8 g&mand NaCl decrease in coarse particles is associated with larger dry de-
(2.2 gcnt3). According to Hara et al. (2010, 2011a, 2013) position velocity in coarse mode. To verify the contribution

sea-salt particles were dominant under the Antarctic haz&' dry deposition to the features of aerosol number density
conditions. In addition, aerosol number concentrations werd'M 09:45UT on 1h‘I1 August until 06:25UT r?n 16 Auglust,

observed under dry conditions at the clean air observatory!V€ atempt to roughly estimate features of the aerosol num-
Therefore, we used the density of 2.0 gchto estimate the ber concentrations by dry deposition. The relation between

mass concentration in this study. The number concentration@6r0SCl number concentrations and deposition velocity can

of aerosol particles smaller than 0.3 um were not included® 9iven as
in the estimation. Therefore, the estimated mass concentra-

tions can be slightly underestimated. During the aerosol endN = —
hancement on 14-16 August, mass concentration near sur-

face reached 18.2 ugm. With the decrease of the num- wheren, Vdep andH respectively denote the aerosol num-
ber concentrations, mass concentrations decreased graduathgr concentration, deposition velocity, and height of the mix-
to 4.4pgnT3. The mass concentrations agreed well with ing layer. Then, Eq. (1) can be modified to

sea-salt concentrations in most cases described in Hara et

al. (2010). The mass concentrations in the heaviest Antarctic, _ No e_VdTePz @)
haze in August 2005, however, were 17-25 pgirfHara et '

al., 2010). Therefore, comparison with data from a previousyhere N, denotes the initial number concentration. There-
investigation by Hara et al. (2010) revealed that the scale ofqre, variations of the aerosol number concentrations of each
the aerosol enhancement in Fig. 1 might be intermediate.  sjze range were fitted by an exponential decay function in
As depicted in Fig. 1, the number concentrations increaseghis study. The fitting parameters for each size range are pre-
remarkably in all size ranges during aerosol enhancemenkented in Table 1. Vertical profiles of temperature, relative
After 10:08 UT on 14 August, the number concentrations nmidity, and aerosol number concentrations show that the
decreased gradually. Particularly, the number concentrationﬁeight of the boundary layer was approximately 530 m on
in larger sizes decreased significantly (e.g., approximately;4 August 2012 (details are described Sect. 3.1.2). Assum-
two order decrease i, >3.0um). In general, variations ing that the height of the boundary layer is consta
of aerosol number concentrations and size distribution arg.zn, pe estimated as 1.26 cntsn Dp>3um, 0.55 cmsf
controlled by formation, emission, coagulation, dry deposi-j, Dp>2um, 0.48 ems! in Dp>1um, 0.38 cemst in
tion, y\(et depositiqn, and size change by hygroscopipity. Wer>0_5 um, and 0.29 cnmd in Dp>0.3um. The estimated
specifically examine the aerosol number concentrations ang|yes were well consistent with the dry deposition velocity
size distribution in fine—coarse mode. Therefore, the CoN<Gronlund et al., 2002; Seinfeld and Pandis, 2006). There-
tribution of new particle formation and coagulation can be fore, the gradual decrease of aerosol number concentrations

negligible. Because of calm winds (mean 1.7ths local might result mostly from the dry deposition of aerosol parti-
aerosol emissions from snow and sea-ice surfaces were projeg during transport.

ably not significant during the period 14-16 August. In ad-

dition, the relative humidity changed gradually from 80 to 3.1.2 Aerosol features in boundary layer—free

70%. Considering that the aerosol number concentrations troposphere

decreased even under the extremely small change of relative

humidity, the change of relative humidity cannot wholly ac- Because of storm conditions and snow deposition on the win-
count for the gradual decrease of the aerosol number condow of the atmospheric observatory for MPL measurement,

bx "

Vdep

Ndt, 1)
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Aug. 2012

Altitude, km
o - N w N o

Aerosol backscatter ratio

v, % | —— D>03um
g‘ 2 D>0.5 um
5 9 D>1.0 um
° L6 é —— D>20um
o Py D>3.0 um
§ B pmi bl 7+, 74 -=JE:5 &Z? % et 3 é —— Mass cbtl)nc.

0

0

r 100
| 90
| 80
L 70
| 60
| 50
I 40
L 30
‘ \ ‘ -50 L 20

Wind speed m sec”
8 8
L |
- e
Gd
»»"‘
2
{
3
%
g8 3

Air temperature, °C

August, 2012

Fig. 1. Short-term variation of aerosol backscatter ratio, aerosol number concentration, mass concentration, wind speed, air temperature, anc
relative humidity near the surface on 13-16 August 2012 at Syowa Station, Antarctica.

vertical distributions of aerosol backscatter ratio were not ob-because of snow deposition on the MPL window. The ver-
tained during the early stage of the aerosol enhancement (beical profile of potential temperature shows that the gradi-
fore 09:00 UT on 14 August), as shown in Fig. 1. Moreover, ent of potential temperature changed at approximately 500,
the cloud appearance and precipitation prevented identifica970, 1600, and 2260 m. The temperature difference at 2200 m
tion of vertical structure of the aerosol enhancement fromwas greater than 5 K. These altitudes correspond to the ver-
14:00UT on 14 August until 09:00UT on 15 August. The tically layered structure of aerosol number concentrations
MPL measurements during cloud-free periods over MPL onand mass concentrations. The vertical features of potential
14 and 15 August exhibited that an aerosol backscatter ratitemperature and aerosol number concentrations imply that
close to 2 was observed at altitudes lower than ca. 2500 nthe boundary layer height was approximately 500 m on 14
on 14-15 August 2012. During the period 11:00-13:00 UT April 2012. For instance, the aerosol number concentrations
on 14 August, a cloud-free period, the aerosol backscatteof Dp>0.26 um in each layer were approximately &.60%,

ratio was 2-3 in the boundary layer and lower free tropo-1.4x 10% 3.0x 10%, and 1.4x 10* L1, respectively. In con-
sphere (<1500 m); it was 1.5-2 in the lower free tropospherdrast to vertical features of aerosol number concentrations in
(1500-2500 m). Although aerosols were enhanced at altifine mode, the number concentrationsiig>2.9, 4.8, and
tudes <2500 m on 14 August, a thin aerosol layer with lower6.5 um increased gradually to 353, 252, and 174, Irespec-
backscatter ratio was clearly identified at ca. 500 and 2000 mtively, in 1100-2130 m. Particularly, the aerosol number con-
After the cloud disappearance at around 09:00 UT on 15 Au-centrations increased in all size ranges in 2100—-2200 m under
gust, the aerosol-enhanced layer remained in the lower troeonditions with higher relative humidity, so that a cloud layer
posphere over Syowa Station. The aerosol backscatter raappeared at this altitude. The aerosol number concentra-
tio was 1.5-2.3 at altitudes lower than 2km on 15 August.tions were enhanced, only in coarse mode, at 1600—-2100 m.
Furthermore, the height of the top of aerosol-enhanced layeTherefore, aerosol particles might be activated to cloud par-
descended gradually to <1.5km at 21:25UT on 15 Augustticles at this altitude under high relative-humidity conditions.
Aerosol enhancement occurred from the surface to the loweAerosol-enhanced conditions above the cloud layer were ob-
free troposphere (ca. 2500 m) in this case. This thickness waserved up to 2500 m.

similar to the thickness observed in earlier investigations by Mass concentrations higher than 10 pgiwere obtained
Yamanouchi et al. (1999) and Hara et al. (2011b). from near surface to ca. 1600 m, although mass concentra-

Figure 2 depicts the vertical distributions of potential tem- tions decreased to ca. 5ugfat 900-1000 m. Although

perature, relative humidity, aerosol number concentrationsthe highest mass concentrations (ca. 1087 pé)rvere ob-
mass concentrations, and the backscatter ratio over Syowserved at 2200 m, the altitudes corresponded to cloud layer.
Station on 14 August. Unfortunately, MPL data were not ob- The layered structure was observed in the vertical features of
tained during balloon-borne OPC measurements in this casaerosol backscatter ratio at 10:00-13:00 UT on 14 August,

www.atmos-chem-phys.net/14/4169/2014/ Atmos. Chem. Phys., 14, 4883 2014
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Fig. 2. Vertical variations of potential temperature, relative humidity, aerosol number concentration, mass concentration, and backscatter
ratio over Syowa Station on 14 August 2012. Vertical blue line represents the time of aerosol sonde launch.

although measurements obtained from balloon-borne OPC Figure 3 presents examples of the 5-day backward tra-
and MPL were not conducted simultaneously. These altijectory at 03:00 UT on 14 August 2012. Air masses in the
tudes corresponded roughly to lower aerosol number conaerosol-enhanced layer had traveled over the sea-ice area for
centrations in the balloon-borne OPC measurements. Consd¢he previous 5 days. Air masses passed at altitudes mostly
quently, the layered structure might persist for at least severdbwer than 1500 m over sea-ice regions. Particularly, the
hours. Moreover, mass concentrations higher than 507fgm backward trajectory from 1000-1500 m over Syowa Station
were observed at altitudes below ca. 600 m. Mass concentrashowed that air masses were transported from the boundary
tions above the cloud layer were approximately 0.5 id at layer (<500 m) over a sea-ice area. Air masses in the aerosol-
2500-4200 m. Furthermore, mass concentrations decreasethhanced layer originated mostly from the boundary layer—

occasionally to lower than 0.1 ugthat 4400-6000 m. lower free troposphere (<1500 m) over the sea-ice area. By
_ _ contrast, air masses above the aerosol-enhanced layer were
3.1.3 Airmass history of the aerosol-enhanced layer distributed higher than 2000 m over the sea-ice area. Consid-

. . ering that sea-salt particles were dominant under Antarctic

As shown in weather charts in the Supplement, two cycloneaze conditions and storm conditions in our previous studies
approached Syowa Station on 13 August, when a storm oC(garg et al., 2010, 2011a), the difference strongly suggests
curred. Although the closest cyclone was located aroungpat the aerosol-enhanced layer in the lower troposphere was
30°E, 68 S on 13 August, the cyclone weakened suddenlyassociated with a release of aerosol particles from the sea-
on 14 August. The sudden decline of the cyclone beforeice syrface. Strong winds attributable to a cyclone approach
occurrence of Antarctic haze was observed also in casegight cause a considerable dispersion of sea-salt particles
of Antarctic haze in 2004—-2006 at Syowa Station (nga elfrom the sea-ice surface. Then, a sudden decline of a cy-
al., 2010). On 15 August, Syowa Station was located in thegjone can maintain conditions with marked dispersion of sea-

ridge of an anticyclone. Then, the next cyclone approachedj; particles (i.e., aerosol enhancement) in the surface—lower
Syowa Station from the west after the afternoon of 15 Au-fee troposphere.

gust. As shown in Fig. 1, the next cyclone approach caused as described above, the top of the aerosol-enhanced layer
a storm condition on 15 August at Syowa Station. To eluci- gyescended gradually on 15 August, when Syowa Station
date the air mass .history of the aerosol-enhanced layer, the {55 |ocated in a high-pressure ridge (shown in the Supple-
day backward trajectory was computed from every 200m aiment). The backward trajectory indicated that air masses
200-4000 m over Syowa Station using vertical motion modegpove the aerosol-enhanced layer on 15 August derived from
in the NOAA-HYSPLIT (Hybrid Single-Particle Lagrangian ihe free troposphere (>3500m) over the Weddell Sea and
Integrated Trajectory) model with NCEP (National Centers aptarctic Peninsula (Fig. 3). In contrast, air masses in the

for Environmental Prediction) reanalysis data (Draxler andgerosol-enhanced layer on 15 August traveled in the lower
Rolph, 2013).
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concentrations iDp > 0.3 pm reached 3¢ 10* L~ during

2012-0814 03:00 UT aerosol enhancement, although the number concentrations
ol i‘ 1 in Dp>2.0 and 3.0pum were, respectively, 20-170 (mean,
e ! , 106 LY and <2 =1 (mean, 0.4LEY). Although the num-
= %/ I ber concentrations abp > 0.3 pm resembled those on 14-16
oo A, 3 August, the number concentrations f¥ >2.0 and 3.0 um

40 0 @ 70 s were several factors or one order smaller than those on 14-16
August (Fig. 1). Because of the lower number concentrations
in coarse mode, the mass concentrations during aerosol en-
hancement on 5-7 September were 2—10 fi§,mwhich were
lower than those of the case in August. Aerosol enhance-

2012.0815 13:00 UT ment (1¢ L=t in Dp>0.3 um) remained near the surface un-
e til 08:00 UT on 7 September. Unlike the sudden decrease of
g 40| /7;% : aerosol number concentrations in the cases described in Hara
R ‘ SRR et al. (2010), the number concentrationslg> 0.3 um de-
1000 wp : creased gradually to <#0Q.~1. The duration of the aerosol
I S T enhancement was identified as 40.9h. The horizontal scale

Latitude

of the aerosol enhancement was estimated approximately to
255 km using mean surface wind speeds.

Fig. 3. Examples of 5-day backward trajectory at 03:00 UT on 14 3.2.2 Aerosol features in the boundary layer—free

August and at 13:00 UT on 15 August. Dashed line represents the troposphere
latitude of Syowa Station (6%5). Trajectories are color coded to
correspond to initial height over Syowa Station. As portrayed in Fig. 4, the aerosol-enhanced layer was not

observed before 13:00 UT on 4 September. After 14:00 UT

tro . . on 4 September, the aerosol backscatter ratio increased
posphere (<2000 m) over sea ice and the Antarctic coas lightly by 1.4 in the boundary layer and in the lower free tro-
around Syowa Station. Therefore, a gradual descent of tha Iy by % yay
: . . posphere (<4 km). Remarkable aerosol enhancement started
top of the layer might result from (1) the location of a high- below 1 km at 01:00 UT on 5 September. The top altitude of
pressure ridge and (2) transport of clean air in the free tropo; € ' P ) P
sphere over Syowa Station. the aerosol—enhanc;ed layer rose gradually to ca. 2.7 I§m on
5 September. Particularly, the aerosol backscatter ratio ex-
ceeded 4 at 1-1.8 km during the period 12:00-13:30UT on 5
September. Remarkably, aerosol enhancement continued on
3.2.1 Aerosol features near the surface 6 September. The top of the aerosol-enhanced layer was iden-
tified at ca. 2.7km on 6 September. Moreover, the aerosol-
Figure 4 depicts variations of aerosol number concentrationgnhanced layer with aerosol backscatter ratio larger than 2
and mass concentrations near the surface at Syowa Statiomas expanded up to ca. 4km until 08:00UT on 6 Septem-
during the period 4—7 September 2012. Although aerosol enber. After 03:00 UT on 6 September, the aerosol backscatter
hancements in the cases of August 2012 (Sect. 3.1) and preatio decreased to less than 2 below 1 km. Considering that
vious studies (Hara et al., 2010) occurred immediately af-the top of the boundary layer was usually <1000 m during
ter the storm conditions, the wind speed near the surfacevinter through spring (this study, and Hara et al., 2011b),
was <5ms? before the aerosol enhancement in this case Antarctic haze (aerosol enhanced condition) might be dis-
This difference is useful to elucidate the origin and trans-tributed not only near the surface and boundary layer, but also
port processes of Antarctic haze and the aerosol-enhanced the lower free troposphere over Syowa Station. Aerosol
layer. In addition, the aerosol number concentrations droppe@&nhancement at altitudes higher than 2 km was terminated
before aerosol enhancement because of slight precipitatioapproximately at 13:00UT on 6 September, although the
near the surface on 5 September. Mass concentrations wegerosol-enhanced layer thickness became markedly less at
decreased to 0.02 ugm, which corresponded to the mass altitudes lower than 2km. The aerosol backscatter ratio
concentration in the free troposphere, as presented in Fig. Zecreased gradually in the lower free troposphere. Then,
Then, the aerosol number concentration®ig>0.3um in-  aerosol enhancement above 1km remained until 22:00 UT
creased gradually and exceeded' 10! at 15:04UT on  on 6 September.
5 September, when the relative humidity and air tempera- Figure 5 depicts vertical distributions of potential tempera-
ture respectively started to decrease and increase simultadre, relative humidity, aerosol number concentrations, mass
neously. Those simultaneous changes suggest that a “frontoncentrations, and aerosol backscatter ratio over Syowa
like” structure passed over Syowa Station. Aerosol humbeiStation on 6 September. Balloon-borne OPC measurements

3.2 Aerosol enhancement on 6 September 2012
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Sep. 2012
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Fig. 4. Short-term variations of the aerosol backscatter ratio, aerosol number concentration, mass concentration, wind speed, air temperature

and relative humidity near the surface on 4—7 September 2012 at Syowa Station, Antarctica. Vertical blue line represents the time of aerosol
sonde launch.
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Fig. 5. Vertical variations of air temperature, relative humidity, aerosol number concentration, mass concentration, and backscatter ratio over
Syowa Station on 6 September 2012.

were taken on 6 September during the decline of aerosol enows: surface—1000 m (probably a boundary layer), 1000—
hancement. Similar to the case in August, vertical profiles 0f1500 m, 1600-2200 m, 2300-2600 m, 2700-3100 m, 3200-
potential temperature, relative humidity and aerosol numbeB800m, and >3800m. The layered structures of aerosol
concentrations suggest that several layers were distributedumber concentrations corresponded well to the vertical fea-
over Syowa Station. Vertical features of the potential tem-tures of potential temperature and the relative humidity. The
perature imply that the height of the boundary layer was ap+espective aerosol number concentrationsDig>0.26 pm
proximately 960 m on 6 September. Vertical features of thein the layers were approximately 3<010°-4.3x 10%,
aerosol number concentrations between the surface and 4 k&8 x 10%, 5.0x 10%, 2.7x 10*, 5.8x 10%, 2.7x 10%, and
altitude imply the presence of several aerosol layers as fol8 x 10°L~1. Mass concentrations were ca. 7 pghbelow
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700m, ca. 34pugm? at 1100-1600m, and 7-12 ugmh
at 1650-3050 m. Considerable aerosol enhancement was
found in the lower free troposphere (1000-1600m). Ac-
tually, higher number concentrations were found, respec-
tively, at 1000-1600 m, for instance 9Q10* and 575 -1
in Dp>0.26 and >2.3um. Furthermore, a higher aerosol
backscatter ratio (2.1-2.3) and the highest mass concentra-
tions (ca. 34 ugm?3) were observed at that altitude. High
number concentrations and mass concentrations in balloon-
borne aerosol measurements were obtained up to ca. 3100 m,
although a slight decrease of aerosol number concentrations
was observed at 2300-2600m. In contrast to aerosol en-
hancement in August, the margin of the top of the aerosol-
enhanced layer was not clear in this case. Above 3200 m, the
aerosol number concentrations and mass concentrations dex
creased gradually with altitude. Above 3100 m, mass con-
centrations decreased gradually from 10 to <1 pig nl-
though mass concentrations at altitudes higher than 4 km it
were lower than 0.1 pug ¥ in the case on 14 August (Fig. 2), S
they were 0.1-0.2 ugnt on 6 September. Vertical features
of the hourly mean backscatter ratio at 14:00-15:00 UT co-
incided well with the vertical distributions of aerosol number
concentrations and mass concentrations.

Furthermore, the number concentrationggf> 2.3 um at
the surface to 4km on 6 September were 1-2 orders lower
than those on 14 August, although the number concentrations
of fine mode (e.g.Dp>0.26 um) in this case were similar to i’
or higher than those of the case on 14 August. As discussed
above, a lower number concentration in coarse mode on 6
September might result from the dry deposition of coarseFig. 6. Examples of 5-day backward trajectory at 00:00UT on
particles during transport. This difference in size distribution 6 September, at 04:00UT on 6 September, and at 16:00 UT on
implies that air masses on 6 September were aged relative t September. Dashed line represents latitude of Syowa Station

the air mass on 14 August. Details are discussed in a latef6S” S). Trajectories are color coded to correspond to initial height
section. over Syowa Station.
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3.2.3 Air mass history of the aerosol-enhanced layer

www.iup.uni-bremen.de:8084/amsr/#Antaryi@nd Comiso
Before aerosol enhancement on 4 September, Syowa St§2010), the sea-ice area in September was usually extended
tion was located in the ridge of anticyclone (shown in Sup-to ca. 60 S at 70-90E. Therefore, air masses came from the
plement). Different from the case in August, the cyclone boundary layer (<1000 m) over sea-ice and open-sea areas.
was located around 8%, 65 S at 00:00UT on 4 Septem- By contrast, air masses above 2400 m show transport above
ber. The cyclone, however, also suddenly weakened in thiga. 1000 m (probably the free troposphere) over sea-ice re-
case. Considering isobar distributions around Syowa Stagions. This height of transport was well consistent with ver-
tion before the occurrence of the aerosol enhancement, poldical features of the aerosol backscatter ratio. After air masses
ward flow might occur in 70-8CE. To elucidate the air came close to the coasts on 3 September, aerosol-enhanced
mass history of the aerosol-enhanced layer, the 5-day baclkair moved slowly to Syowa Station, especially during the pe-
ward trajectory was computed as shown in Fig. 6. Air riod 4—6 September.
masses of the aerosol-enhanced layer (below 2400 m a.s.l.) As presented in Fig. 5, a high aerosol backscatter ratio was
at 00:00UT on 6 September were transported from theobserved above 3 km for approximately 11 h on 6 September.
boundary layer via sea-ice regions and coastal line. PoleThe 5-day backward trajectory from the aerosol-enhanced
ward flow from <60 S occurred along ca. 70-8E line layer at 04:00 UT on 6 September showed a similar trans-
on 2-3 September. End-points of the 5-day backward trajecport pathway from sea-ice and open-sea areas. Especially, air
tory from the aerosol-enhanced layer were distributed aroundnasses above 3 km were transported from the boundary layer
45-65 S. According to satellite measurements by AMSR2 over the open-sea area (<°38). Air masses of the aerosol-
(Advanced Microwave Scanning Radiometer; elgtp:// enhanced layer above 3 km were located at altitudes higher
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than 1300 m over 60S (near sea-ice margin). Therefore,the 6 - 6
travel time in the boundary layer over the sea-ice area might 1000-1100 UT 1100-1200 UT
be shorter. By contrast, air masses of the aerosol-enhance ° 2012 Aug. 14 51 2012 Aug. 14
layer below 3 km might have traveled for a longer time inthe | 4]
boundary layer over the sea-ice area. 5 E

As depicted in Fig. 6, the transport distance for 24 h was§ 3 § 3
shorter for the prior 1-3 days than for the prior 4-5 days. g g
For the backward trajectory at 04:00 UT on 6 September, for 2] 2]
example, the distances between locations every 24 h for the , | 11
previous 5 days were approximately 480, 500, 380, 1500,
and 1300 km, respectively. Mean wind speeds can be esti- 0 - ‘ ‘ 0L ‘ ‘ ‘
mated as follows: 5.6, 5.8, 4.4, 17.4 and 15.0th onse- T2 3 4 5 T2 3 4 5
quenﬂy, strong winds might occur mostly in sea-ice regions. Aerosol backscatter ratio Aerosol backscatter ratio

H!gh Sea-sglt concentrations were observed under' Strongig_ 7. Vertical profiles of aerosol backscatter ratio at
wind conditions. Therefore, poleward flow over sea-ice r€-10:00-=11:00UT and 11:00-12:00UT on 14 August 2012 over
gions suggests that large amounts of sea-salt particles wergyowa Station, Antarctica. Error bars show the standard deviation.
released from sea-ice surfaces on 2—-3 September. Conse-
quently, the dispersion of sea-salt particles from sea-ice and
open-sea surfaces might contribute considerably to aeros@.3 Seasonal and vertical features of occurrence of
enhancement below 3 km during the period 5-7 September, aerosol enhancement in the lower troposphere
similar to the aerosol enhancement on August 2012 and the
other cases (Hara et al., 2010). Considering the vertical moVertical features of Antarctic haze over Syowa Station in
tion over the sea-ice area during transport and consideringhe two cases were discussed above. The two simultane-
the vertical features of the aerosol backscatter ratio, the reeus measurements, however, were conducted for too short
lease of sea-salt particles from the sea-ice surface and opea-time to elucidate the occurrence of Antarctic haze, or to
sea surface might respectively engender aerosol enhancestimate its contribution quantitatively. We attempted to es-
ment below 2.7 km and in 2.7—4 km. Particularly, the disper-timate the seasonal and vertical features of the occurrence
sion of sea-salt particles from sea-ice is expected to makef the aerosol-enhanced layer in 2012 over Syowa Station
a significant contribution to strong aerosol enhancement betusing MPL data. Because MPL was operated continuously,
low 2.7 km. Furthermore, high concentrations of sea-salt parwith the exception of interruptions for periodical mainte-
ticles (e.g., N&) and nonvolatile particles (probably sea- nance, MPL data must be screened for influences from fac-
salt particles) were observed under the strong wind conditors including drifting snow, precipitation, and clouds before
tions (i.e., blizzard and storm) at Syowa Station (Hara et al. discussion about aerosol enhancement. Figure 7 depicts ex-
2004, 2011a). Thus, sea-salt particles might be released onlgmples of vertical profiles of aerosol backscatter ratio dur-
slightly from the sea-ice surface under calm wind conditions.ing the occurrence of Antarctic haze on 14 August 2012. Al-
Therefore, the concentrations of the dispersed sea-salt partthough the standard deviation in the aerosol backscatter ra-
cles might decrease gradually through dry deposition duringio varied greatly in the vertical profile at 10:00-11:00 UT
westward transport along the coasts. This likelihood is con<{Fig. 7a), the standard deviation was remarkably smaller in
sistent with the lower concentrations i, >2.0 and 3.0um  the profile at 11:00-12:00 UT (Fig. 7b). According to Ishii et
in this case, as described above. al. (1999), the Arctic haze layer had a stable structure. Actu-
After 13:00UT on 6 September, the aerosol-enhancedilly, the layered structure in Antarctic haze was stable except
layer became thinner, as shown in Figs. 4 and 5. Backwardor the occurrence of precipitation and clouds, as shown in
trajectory results show that air masses above the aerosoFigs. 1 and 4. Because of the fluctuating structure of drifting
enhanced layer (> 1800 m) traveled mostly at altitudes highesnow, precipitation, and clouds, the standard deviation can
than 2000 m over the sea-ice area. In addition, the air masgary greatly at altitudes where drifting snow, precipitation,
origin and transport pathways were shifted gradually overand clouds occur. Furthermore, a high aerosol backscatter ra-
the Antarctic continent. On 7 September, the origin of thetio is obtained at layers with drifting snow, precipitation, and
air mass above 2000 m moved to the free troposphere oveslouds. Consequently, MPL data with drifting snow, precip-
the Antarctic continent (not shown). Therefore, transport ofitation, and clouds might be screened using the hourly mean
clean air from the free troposphere might cause terminaaerosol backscatter ratio and standard deviation.
tion of the aerosol enhancement in the free troposphere over Second, we verified the relation between the hourly mean
Syowa Station. aerosol backscatter ratio and standard deviation to estimate
threshold values for data screening. Figure 8 presents an
example of the relation between the hourly mean aerosol
backscatter ratio and the standard deviation in MPL data at
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Hourly mean backscatter ratio

Clouds and precipitation occurred occasionally in the up-
Eig. 8. Relation betv\_/egn the hourly mean aerosol backscatter raper boundary layer and free troposphere even during the
tio a_nd standarq de_V|at|on at 500 m above ground level over Syow%erosol enhancement (Antarctic haze). Therefore, the cu-
Station, Antarctica in 2012. mulative time was likely to have been underestimated rel-

ative to the actual duration of Antarctic haze. The cumula-

tive time in the lower troposphere (<2 km) over Syowa Sta-
500 m above ground level. A high aerosol backscatter ratidion increased gradually during the period April-September
was observed mostly at standard deviations larger than 0.1n 2012. Then the cumulative time dropped in October. In
The relation was similar at other altitudes. Here, MPL dataJuly—September, aerosol enhancement occurred markedly at
with standard deviations larger than 0.1 were filtered as “ap-altitudes lower than 2 km. Particularly, the aerosol-enhanced
pearance of drifting snow, precipitation, and clouds”. layer occurred frequently in September and was distributed

Third, we examined the threshold value to divide betweenup to 4 km. A slightly high cumulative time was observed
unusual aerosol enhancement (Antarctic haze) and nonhazg around 5km in 2012. Considering the vertical structure
conditions. A high aerosol backscatter ratio and high aerosobf the cumulative time around 5 km, the layer around 5km
number concentrations were obtained in the boundary layemight have been a cirrus layer. The typical top altitudes
and lower free troposphere, as shown in Figs. 1 and 5, andf the Antarctic haze layer might have been 1-2.5km, al-
Hara et al. (2011b). However, the top of the aerosol-enhancethough more data must be obtained to characterize vertical
layer varied greatly at the top of boundary layer and lowerfeatures of Antarctic haze. Indeed, top altitudes of Antarctic
free troposphere. Most of the Antarctic haze layer occurrechaze and the aerosol-enhanced layer were described as be-
in the upper boundary layer and lower free troposphere, atow approximately 3 km in previous reports by Yamanouchi
described above. Therefore, we estimate the threshold vakt al. (1999), and Hara et al. (2011b). Therefore, the case of
ues using aerosol backscatter ratio at 500-1000 m. Figure 8 September 2012 (shown in Figs. 4 and 5) might be iden-
depicts an example of a histogram of an aerosol backscatified as that with the greatest thickness of Antarctic haze.
ter ratio in filtered MPL data at 500 m in 2012. The annual With the suggestion that wind-blowing release of sea-salt
mean of the aerosol backscatter ratio over Syowa Station wagarticles from sea ice contributes significantly to Antarctic
1.21 (median, 1.17) at 500 m in 2012. In this study, the 95thhaze, as discussed above, seasonal features of the cumula-
percentile value at 500 m (1.55) was used as the thresholtive time might be associated with the seasonal variation
value to identify “unusual aerosol enhancement”. The 95thof sea-ice extent. Indeed, the sea-ice extent off Syowa Sta-
percentile value at 500-1000m was 1458.02. The two tion reaches a maximum level usually in September (satellite
cases of Antarctic haze in Figs. 1 and 4 can be taken by thesmeasurements by AMSR=ttp://www.iup.uni-bremen.de:
criteria. Therefore, the criteria might be appropriate for iden-8084/amsr/#Antarctjc Comiso, 2010). Vertical features of
tification of “unusual aerosol enhancement”. the cumulative time show that the aerosol-enhanced layer oc-
Figure 10 depicts seasonal and vertical features of cueurred frequently at altitudes lower than ca. 0.9 km, which

mulative time of MPL data with an aerosol backscatter ra-might be coincident with the altitude of the top of the bound-
tio higher than 1.55 and standard deviation lower than 0.1ary layer over Syowa Station during winter and spring.
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understanding of the occurrence of Antarctic haze (aerosol
enhancement). Although this study focused on occurrence of
] Antarctic haze over Syowa Station in 2012, the occurrence
] of Antarctic haze (aerosol enhancement) and its vertical and
g seasonal features over longer periods will be discussed else-
where.

] | ] The marked enhancement of sea-salt particles in Antarc-
% E % ] ] tic haze can induce substantial release of reactive halogen

January February March ) April | May | June

Altitude, km

b

July August September| || October | [ November| | December

Altitude, km
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species through heterogeneous reactions (e.g., Simpson et
> s ___ - - - al., 2007; Saiz-Lopez et al., 2008). Reactive halogen species
0 204060 0204060 0 20 4060 0 2040 60 0 2040 60 0 20 40 60 such as BrO and Br relate closely to ozone depletion and the
Cumtatetme, s oxidation of dimethyl sulfide in the lower troposphere (e.g.,
Fig. 10. Seasonal and vertical features of cumulative time of MPL Simpson et al., 2007; Saiz-Lopez et al., 2008; Read et al.,
data with aerosol backscatter ratio higher than 1.55 and standard008). Actually, our previous work indicated thag ©on-
deviation lower than 0.1 in 2012 over Syowa Station, Antarctica. centrations near the surface dropped simultaneously during
the Antarctic haze after polar sunrise (Hara et al., 2010). In
addition, G depletion in the coastal Antarctic region was ex-
A high cumulative time at heights above 0.9km suggeststended upward to ca. 3km (Wessel et al., 1998; Jones et al.,
that Antarctic haze occurred in the lower free troposphere2010). The vertical extent of £depletion corresponded ap-
(mainly lower than 3km), similar to the two cases in this proximately to the vertical structure of the aerosol-enhanced

study. layer in this study. Therefore, it is expected that aerosol en-

hancement (Antarctic haze) with large amounts of sea-salt

3.4 Implications of aerosol enhancement in the lower particles in the lower troposphere plays important roles in at-

troposphere mospheric chemical cycles that prevail along the Antarctic
coasts.

Dispersion of sea-salt particles from sea-ice surface con- Sea salt has often been used as an index of sea-ice extent
tributed significantly to aerosol enhancement in the lowerin ice core records (e.g., Wolff et al., 2006). Sea-salt parti-
troposphere over Syowa Station. Particularly sea-salt particles originated from sea ice are fractionated in winter—spring,
cles of sea-ice origin were distributed mostly at altitudesas suggested by Hara et al. (2012) and references therein.
lower than 2.5km in both cases. This vertical distribution Although the presence of the fractionated sea-salt particles
provides important evidence to ascertain sea-salt and halowas identified in inland areas (Hara et al., 2004; Udisti et al.,
gen chemistry in the Antarctic regions and to infer results2012), transport processes of sea-salt particles from sea-ice
from ice core record data. areas to inland areas have not been well discussed. To eluci-
As described above, large amounts of sea-salt particlegjate the transport processes of sea-salt particles derived from
especially those released from sea-ice surfaces, were presesga ice in the aerosol-enhanced layer, we calculated 5-day
in the aerosol-enhanced layer. Particularly, the occurrence diorward trajectory from the aerosol-enhanced layer in August
Antarctic haze increased significantly in September. Previousind September over Syowa Station (not shown). The trajec-
aerosol measurements near the surface in the Antarctic coastisries in both cases indicated that air parcels were transported
indicated the high concentrations of sea-salt particles fNa not to inland areas but to the boundary layer over sea-ice
in April-October (Wagenbach et al., 1988, Rankin and Wolff, and open-sea areas. Because only two cases were discussed
2003; Hara et al., 2004). Similar to this study, high*N=zon- in this study, we cannot conclude whether sea-salt parti-
centrations were observed in late winter at Halley Stationcles from sea ice in the aerosol-enhanced layer were usually
(Rankin and Wolff, 2003). The seasonal features of sea-saltransported to inland areas, or not. As described earlier, the
particles, however, included the high sea-salt concentrationaerosol-enhanced layer was observed at altitudes lower than
under strong wind conditions. Hara et al. (2010) showed thata. 2.7 km in this study. This altitude is useful as an index to
Antarctic haze events occurred mostly in July—September atliscuss transport of sea-salt particles from sea-ice and coastal
Syowa Station. Considering presence of sulfate-depleted se@reas to inland areas if aerosol enhancement by dispersion
salt particles originating from sea ice in winter—spring and of sea-salt particles from sea ice occurs usually at altitudes
in Antarctic haze, the seasonal features of occurrence of thiower than 2.7 km around the Antarctic coasts. Indeed, air
aerosol-enhanced layer might be associated with sea-ice exnasses with high sea-salt concentrations*(Nat Dome F
tent, surface conditions on sea-ice surface (e.g., formatiomere located in the lower free troposphere (1600—-3500 m)
of frost flower), and meteorological conditions (e.g., cyclone over the coastal line (Hara et al., 2004).
approach and sudden decline), as discussed above and byAerosol-enhancement conditions were produced by the
Hara et al. (2010, 2012). Further field measurements and resubstantial release of sea-salt particles from the ocean
analysis of the archived aerosol data would provide a betteand sea-ice surfaces under strong winds during transport.
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Poleward flow can engender the transport of humid air intousual occurrence of Antarctic haze, and to understand the
Antarctic coasts along with mixing of large amounts of sea-impact on atmospheric chemistry, radiation budgets, and cli-
salt particles. During aerosol enhancement, clouds appearetdate change in the Antarctic regions.
occasionally in the upper boundary layer and lower free tro-
posphere. Considering the significant transport of water va- . ) o
por by poleward flow and dispersion of sea-salt particles inSUPPlementary material related to this article is
the aerosol-enhanced layer, cloud activation might be pro&vailable online athttp://www.atmos-chem-phys.net/14/
moted in the aerosol-enhanced layer. Antarctic haze can oc2169/2014/acp-14-4169-2014-supplement.pdf
cur on other Antarctic coasts. Therefore, cloud appearance
in the Antarctic haze might affect atmospheric radiation bud-
gets temporarily in coastal Antarctic regions.
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