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Abstract. The properties of background aerosols and their

dependence on meteorological, geographical and human in-

fluence are examined using measured spectral aerosol op-

tical depth (AOD), total mass concentration (MT) and de-

rived number size distribution (NSD) over two distinct

coastal locations of Antarctica; Maitri (70◦ S, 12◦ E, 123 m

m.s.l.) and Larsemann Hills (LH; 69◦ S, 77◦ E, 48 m m.s.l.)

during southern hemispheric summer of 2007–2008 as a

part of the 27th Indian Scientific Expedition to Antarctica

(ISEA) during International Polar Year (IPY). Our inves-

tigations showed comparable values for the mean colum-

nar AOD at 500 nm over Maitri (0.034±0.005) and LH

(0.032±0.006) indicating good spatial homogeneity in the

columnar aerosol properties over the coastal Antarctica. Esti-

mation of Angstrom exponent α showed accumulation mode

dominance at Maitri (α ∼1.2±0.3) and coarse mode domi-

nance at LH (0.7±0.2). On the other hand, mass concentra-

tion (MT) of ambient aerosols showed relatively high val-

ues (≈8.25±2.87 µg m−3) at Maitri in comparison to LH

(6.03±1.33 µg m−3).

Keywords. Atmospheric composition and structure

(Aerosols and particles)

1 Introduction

Antarctica is a unique continent at the extreme south, sepa-

rated from the other populated continental masses, making

it one of the most pristine places on the Earth (Wall, 2005).

Due to the pristine characteristics (compared to other snow

covered regions like the Arctic or the high altitude mountains

in the Northern Hemisphere), it provides an excellent envi-

ronment to examine the natural and background aerosols in
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the atmosphere over snow and ice. Not only that, the large ice

sheet of the Antarctic continent affects atmospheric circula-

tion patterns over this region, which affects the transport and

removal of the aerosols particles (Shaw, 1979). In the recent

years, with the increase in human interventions (exploratory,

scientific and tourism) there is an increase in the emissions

of anthropogenic species arising from fossil fuel combustion,

both at the research stations as well as those associated with

transport. These include atmospheric particles as well (Shaw,

1979; Tomasi et al., 2007; Weller et al., 2008; Chaubey et al.,

2010). Antarctic aerosols comprise of mainly sea salt, sul-

phate, dust, nss sulphate, NH+

4 , NO−

3 , Methane Sulphonate

(Minikin et al., 1998; Niemi et al., 2005; Virkkula et al.,

2006; Tomasi et al., 2007) and a small amount of efficient ab-

sorbing aerosols like black carbon (Bodhaine, 1995; Hansen

et al., 2001; Hara et al., 2008; Chaubey et al., 2010). Even a

small quantity of absorbing aerosols (anthropogenic or natu-

ral) over the highly reflecting snow might enhance the warm-

ing of the atmosphere (Chylek and Coakley, 1974; Randles

et al., 2004) and the deposition of these particles over the

surface of the snow or ice reduces the albedo (Russell et al.,

2002; Hansen and Nazarenko, 2004). As such, there is an

increased interest and need to investigate the properties of

Antarctic aerosols, and their spatial temporal and microphys-

ical properties to understand their climate forcing potential

(Valero et al., 1983; Herber et al., 1993; Schwartz and An-

dreae, 1996; Hatzianastassiou et al., 2004; IPCC, 2007).

Despite the initiation of investigations of aerosols over

Antarctica in the early sixties, characterization of various

aerosol properties, examination of their inter-relationship

and delineating the local effects still remains a hot scientific

pursuit (Tomasi et al., 2007) especially due to the scarcity

and difficulty of measurements. Aerosols over the coastal

and high plateau of Antarctica have quite different physical

and chemical properties (Preunkert et al., 2008; Tomasi et

al., 2007). The coastal aerosols are strongly influenced by

marine environment, while plateau aerosols are only weakly
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Fig. 1. The geographical location of the Indian stations Maitri,

Larsemann Hills (site for third Indian station in Antarctica) and

two AERONET stations Amsterdam and Crozet Islands in South-

ern Ocean. The location of Trivandrum, Goa and Cape Town is also

shown.

and episodically influenced by loadings of sea salt particles

(during windy conditions that occur especially during win-

ter conditions). They rather contain a predominant fraction

of small-sized aerosols, whose presence is favoured by sub-

sidence processes from the free troposphere. The coastal

aerosols are important to study the exchange fluxes of par-

ticle (natural aerosols) from the ocean and the Antarctic

coast. In the Southern Hemisphere, areas south of 35◦ S have

no spatial and temporal coverage of ground based measure-

ments except a few island stations established under AErosol

RObotic NETwork (AERONET, Holben et al., 1998) and the

Antarctic stations. All these make the characterization of

Antarctic aerosols and regular and continuous measurements

all the more important. The physical and optical properties of

aerosols at different Antarctic coastal sites have been exam-

ined earlier by Savoie et al. (1992, 1993); Osada et al. (1998);

Wagenbach et al. (1998); Hall and Wolff (1998); Jourdain

and Legrand (2002); Tomasi et al. (2007). These studies have

pointed out the importance of assimilating analogous data

from in situ measurements on physical and optical param-

eters of aerosols for complete characterization of the polar

aerosols on the spatial and temporal scales. During the Inter-

national Polar Year of 2007–2008, as a part of the 27th Indian

Scientific Expedition to Antarctica (ISEA), aerosol measure-

ment were carried out between 5 January 2008 to 10 March

2008 at two Indian stations, Maitri and Larsemann Hills (LH)

in the coastal East Antarctica. In this paper, we present the

aerosol optical depth and mass concentrations measurements

carried out during this campaign and make an estimate of

the size distributions. The results are examined with those

reported for different Antarctic locations and discussed.

2 Experimental setup, instrument details and database

Measurements of the physical and optical properties (to-

tal mass concentration (MT), mass size distribution (MSD)

and aerosol optical depth (AOD)) of aerosols were made at

Antarctica during the 27th Indian Scientific Expedition to

Antarctica (ISEA). The studies were from the Indian Antarc-

tic stations, Maitri (70.77◦ N, 11.73◦ E, 123 m m.s.l.) and

Larsemann Hills (LH; 69◦ S, 77◦ E, 48 m m.s.l.), which are

well inside the Antarctic circum polar vortex, shown in

Fig. 1. The 27th ISEA commenced from Goa (15.4◦ N,

73.7◦ E) on 6 December 2007 and reached the Indian per-

manent station Maitri on 4 January 2008 via Cape Town

(South Africa, 34.9◦ S, 19.6◦ E) onboard an ice class vessel,

MV Emerald Sea. Experiments were conducted for about

39 days at Maitri from 5 January 2008 to 13 February 2008.

Subsequently the ship sailed off and reached LH (the site for

the 3rd Indian station in Antarctica), on 24 February 2008,

where the experiments were conducted from 24 February

2008 to 10 March 2008, after which the ship sailed back

and reached Goa on 11 April 2008. Also shown in the same

figure are two AErosol RObotic NETwork (AERONET) sta-

tions namely Amsterdam Island (37◦ S, 77◦ E) and Crozet Is-

land (46◦ S, 51◦ E), in the southern Ocean, which are the per-

manent stations available close to Antarctica but due north

of the Antarctic vortex. The data from these stations are

also used in this investigation which would represent both

oceanic, and some times advected continental aerosols, de-

pending on the winds. This aspect is important in assess-

ing the radiative impacts of Antarctic aerosols because the

radiative forcing efficiency of northern hemispheric conti-

nental aerosols, which contains significant amount of anthro-

pogenic component, is high compared to the natural marine

aerosols. The two sampling locations, Maitri and LH have

distinctively different features. Maitri is situated on Schir-

macher oasis, which is near continental ice, 75 km away

from the open ocean and is not a coastal location like LH.

Maitri is a rocky area of ∼35 km2 and is operational through-

out the year since 1989. The thick continental ice is only

500 m due south off the station. Over the same oasis about

7 km due east, there is another research station Novo (Rus-

sian; 70.82◦ S, 11.64◦ E, 120 m m.s.l.). There is an Airbase

(70.99◦ S, 11.59◦ E) ∼12 km southwest to Maitri purely on

continental ice and operational during summer. The station

Maitri has strength of 75 persons during summer, and 25 in

winter. The day to day activities and life are supported by

electrical generators working on fossil fuel. In contrast to

Maitri, the Larsemann Hills Island is one of the pristine is-

lands, located close to the open Ocean, due east of Maitri

with the continental ice ∼12 km due south. Here observa-

tions were carried out by 4 to 5 observers who visited the

site daily from the ship during day time by helicopter . The

instruments are operated mainly on solar power. Moreover,

LH is separated by small islands and sea ice (varying from

few meters to few kilometres) from the two permanent bases
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in this area, Zhong Shan (Chinese; 69.38◦ S, 76.38◦ E) and

Progress (Russian; 69.36◦ S, 76.38◦ E), which are almost 9 to

10 km due northeast and the summer camp, Law Base (Aus-

tralia) due east, with two persons managing it during sum-

mer. As such, on the whole Maitri is a continental station

under moderate anthropogenic influence while LH is rather

pristine and is more under the influence of marine environ-

ments.

Spectral measurements of columnar aerosol optical depth

(AOD) at 340, 380, 500, 675 and 870 nm were made at every

30 min by using a freshly calibrated hand held microtops Sun

Photometer (MTOPS, Solar Light Company, USA) when-

ever the solar disc and its neighbourhoods were free from

visible clouds. This instrument is widely used for AOD mea-

surements and its advantages and limitations, as well as the

precautions to be taken care have been extensively given in

several earlier papers and as such, were not repeated in this

manuscript. (Morys et al., 2001; Ichoku et al., 2002; Porter et

al., 2001; Moorthy et al., 2005a). The AODs estimated from

MTOPS have a typical uncertainty of ∼0.01. A compara-

tive assessment of microtops sun photometers were made at

Dome C in Antarctica with the CIMEL radiometer (CIMEL

electronique, France), which are extensively used in more

than 200 AERONET stations world wide, showed that the

maximum AOD difference was as low as ∼0.005 (Six et al.,

2005).

Total mass concentration (MT) and mass size distribu-

tion of near-surface aerosols (in the ambient) were mea-

sured using the Quartz Crystal Microbalance (QCM, model

PC2, California Measurements Inc.) cascade impactor which

makes size resolved measurements of aerosol mass concen-

tration in its 10 size bins, with 50% lower cut off diameters at

25 µm, 12.5, 6.4, 3.2, 1.6, 0.8, 0.4, 0.2, 0.1, and 0.05 µm for

the stages 1 to 10, respectively. Measurements were made

manually at a flow rate of 0.24 l min−1 and data are collected

every hour, with a sampling time of 5 min. Measurements

were restricted to periods when the ambient RH was less

than 75% (with a view of the affinity of Quartz crystal to

changes in RH at higher RH levels); a condition which was

normally met at the stations, except during blizzards. Fol-

lowing the error budget given by Pillai and Moorthy (2001),

the error in the estimated mass concentration was in the range

of 10 to 15% for each measurement. Based on earlier field

measurements Moorthy et al. (2005b) have also reported that

QCM measured mass concentrations agreed well with those

estimated using other sampling methods such as using High

Volume Samplers. The QCM was kept near the Dodd beta

hut at Maitri, which is away from the zone of routine station

activities and almost 300 m upwind of the generators. The

details of the database obtained from MTOPS and QCM at

both the sampling locations are given in Table 1.

Besides the data at the Indian stations, we have used the

spectral AOD data obtained from the ship based measure-

ments during the same expedition over Coastal Antarctic

Ocean (CAO, 60–69◦ S) using the same Sun Photometer. As

Fig. 2. Graph showing meteorological variations at Maitri and

Larsemann Hills. The panels (a), (b), (c), (d) shows the day to

day variation of relative humidity, wind speed and direction, pres-

sure and temperature. The solid circles represent the mean value

for the day and the line passing through it represents the standard

deviation from the mean values of the day. The open circles in the

wind parameter panel represent the wind direction. The duration

of the ship to travel from Maitri to LH is shown by two vertical

lines during which no data was collected. The period between the

dotted vertical lines represents the duration of a long blizzard (se-

vere storm condition occurring frequently at Antarctica, governed

by high winds, low pressure, snowfall and snow drift) that occurred

at Maitri during the observation period.

the sky was cloudy for all the days of the cruise from Maitri

to Larsemann Hills we do not have any AOD measurement

for this part of the cruise. To see the aerosol properties in-

side and outside the Antarctic circum polar vortex we also

used the level 2 daily mean spectral AOD data from the two

AERONET stations, Amsterdam Island and Crozet Island in

the southern Ocean as discussed earlier and shown in Fig. 1.

3 Prevailing meteorology and airmass types during

the study

3.1 Prevailing meteorology

Meteorology over the Antarctic region is highly important in

understanding the properties, sources and the characteristics

of the aerosols because it determines the role and region of

transport and the local production of the aerosols over the

region. Information on the local meteorology was obtained

from the automatic weather stations (AWS), operated reg-

ularly by the Indian Meteorological Department (IMD) at

Maitri, which yielded air temperature (Ta
◦C), relative hu-

midity (RH) and ambient pressure (Ps) at every minute while

wind speed (U ms−1) and wind direction (θ ◦) are available

at every three hour interval. As LH was a recently chosen
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Table 1. Period, number of days of observation and name of the instruments operated at Maitri and Larsemann Hills, in Antarctica during

27th ISEA.

Station name Latitude (◦ S) Longitude (◦ E) Period of observation Instrument operated No. of days of data

Maitri 70.8 11.7 5 Jan 2008 to 13 Feb 2008
QCM 21

Sun Photometer 20

Larsemann Hills (LH) 69.4 76.2 24 Feb 2008 to 10 Mar 2008
QCM 7

Sun Photometer 3

Fig. 3. The cluster mean of the 7 days HYSPLIT airmass back

trajectories over Indian Antarctic stations, Maitri and LH for the

entire summer and autumn season (1 December 2007 to 31 March

2008). The percentage contribution of the number of trajectories in

each cluster to the total number of trajectories at each location is

also given.

base for India’s third permanent station, there were no per-

manent setup such as AWS during the study period and as

such we used the AWS data onboard the ship, which was an-

chored ∼15 km due north to the station, as the representative

values for LH. The daily mean meteorological features of

Maitri and the LH during the observation period are shown

in Fig. 2, where the solid circles show the daily average val-

ues and the error bars passing through them are the standard

deviations. Though the prevailing meteorology broadly did

not differ between Maitri and LH, there were meso-scale dif-

ferences which are clearly seen in the figure. These meso

scale differences might produce some impacts on AOD as

Maitri and LH are geographically different location and the

proximity to the open Ocean is different at both the places.

During the study period at Maitri, the average tempera-

ture was ∼ −1.5 ◦C (min of −8.6 ◦C and max of 1.8 ◦C),

the higher values being observed on the clear sky days. The

mean pressure at Maitri was 983 hPa; being ∼992 hPa dur-

ing the normal days and decreased to ∼963 hPa during the

blizzard episode. The pressure drop on 5 February was also

due to the stormy condition that prevailed over the station

for a short period. Surface winds were calm to moderate

(∼10 m s−1) during the normal clear sky days, and increased,

going up to ∼28 m s−1 during the blizzards. The prevailing

winds over the Maitri were generally south-easterly. The sur-

face relative humidity averaged for the full study period was

53%, showing the dryness of the continent. It varied from a

low value of ∼38% in normal clear sky days to a compara-

tively high value of ∼70% during the blizzard days. In com-

parison, at LH the variation in the temperature were smaller;

the daily average temperature being always below zero dur-

ing the study period, while the winds were generally calm to

low (<5 m s−1).

3.2 Airmass reaching Maitri and LH

With a view of examining the potential advection path-

ways of aerosols at Maitri and LH, we performed 7-day

airmass back trajectory analyses using HYbrid Single Par-

ticle Langrangian Intergerted Trajectory (HYSPLIT) model

of National Oceanographic and Atmospheric Administra-

tion (NOAA) for the Antarctic summer season (December–

April) of 2007–2008. The choice of 7 days was made due

to the longer lifetime expected for aerosols in this region

(Shaw, 1988). The trajectories are estimated for a height

of 100 m above the station, which is well inside the Antarc-

tic boundary layer (typically of ∼500 m, Argentini et al.,

2005), which though is shallower than typical mid-latitude or
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tropical convective boundary layer, as a result of the persis-

tent stability of the overlying atmosphere (King and Turner,

1997). The cluster mean of the HYSPLIT airmass back tra-

jectories are shown in Fig. 3. The percentage contribution of

the number of trajectories in each cluster to the total num-

ber of trajectories at each location is also given in the figure

which clearly show that, at both the locations (Maitri and

LH) for the entire summer season, trajectories were mostly

coming from the polar continental regions, and only a few

from the nearby oceanic regions, that too during blizzards.

At both Maitri and LH, the airmass could be grouped into

three clusters, the first one coming from the due east (∼75%

at Maitri and 70% at LH) of the location, the second one from

the west (∼20% at Maitri and 19% at LH) and the third one

from the oceanic regions (∼5% at Maitri and 11% at LH).

As such, both locations are influenced by the activities tak-

ing place locally in Antarctica especially due to presence of

nearby stations.

4 Results and discussion

4.1 Aerosol optical depth

Temporal variations of the daily mean AOD at 500 nm, esti-

mated by averaging the individual microtops measurements

of each day, are shown in top panel of Fig. 4, where the solid

circles represent Maitri observation and hollow circles those

measured over LH. The vertical lines passing through the cir-

cles represent the respective standard deviations. It can be

seen (panel a) that over Maitri AOD showed significant day

to day variations, that was random in nature. The AOD at

500 nm showed the peak value of 0.046 (on 13 January 2008)

and least value of 0.026 (on 8 February 2008) with an aver-

age of 0.034±0.005 for the full study period at Maitri. Based

on the measurements made during 20th ISEA from Maitri,

Gadhavi and Jayaraman (2004) reported a mean AOD value

of 0.036 ± 0.018 at 400 nm with similar random variations

observed in the present study. The two mechanisms which

might be contributing to this are

1. marine particles (sea salt) and dust particles from the

oasis; both produced and transported by the winds, and

2. those produced by the local activities at Maitri and near

by stations

As Maitri is situated on an oasis and experiences a fair

amount of local station activities during the summer pe-

riod, both the mechanisms would be significant. More-

over, advection from the neighbouring stations lying up-

wind, movement of men and transport of goods (more fre-

quent during Antarctic summer at all stations) also con-

tribute to the local (regional) aerosol abundance and to the

day to day variations in the AOD. Nevertheless, the aver-

age AOD values measured over Maitri were comparable to

Fig. 4. Daily mean aerosol optical depth (τ) at 500 nm for the Maitri

and LH in the top panel (a) and those of Amsterdam and Crozet Is-

land in bottom panel (b), where in the top panel, solid and open

circles represent Maitri and LH respectively. The vertical line pass-

ing through them as standard deviation from the mean value. In

the bottom panel the solid stars represent the daily mean AOD over

Amsterdam Island and the open stars represent the AOD over Crozet

Island.

those measured over LH(within the standard deviation), ex-

cept that, over LH, the AOD depicted smaller day to day

variations, remaining between 0.026 and 0.038 with an av-

erage of 0.032 ± 0.006. It may also be noted that AOD

measurements were available only for 4 days (a total of 84

measurements) at LH due to the frequent cloudy skies dur-

ing the measurement period. Nevertheless, these formed the

first ever measurements of AOD from this region of Antarc-

tica. It is also interesting to note that the monthly mean value

of AOD at 550 nm for March (8 days of data are available

from 2 to 21 March, 2008) obtained from MODIS satellite

sensor, (http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?

instance id=MODIS DAILY L3) over the open ocean close

to LH during the study period is found to be 0.33 ± 0.005

is comparable to the mean value observed in the present

study. AOD values over Maitri were measured in January–

February whereas at LH the measurements were made at the

end of February and beginning of March. The slight de-

crease in AOD (from Maitri to LH), although not much sig-

nificant, can be attributed to the decrease in the aerosol load-

ing over Antarctica as season changes (Shaw, 1988; Wolff

and Cachier, 1998; Hara et al., 2005). Notwithstanding

this, agreement between AODs at the two locations indicates

the prevalence of spatially homogeneity in columnar aerosol

abundance at coastal Antarctic atmosphere spatially. This is

in contrast to that reported over the populated continental re-

gions of Northern Hemisphere where significant heterogene-

ity (vertically and spatially) due to elevated aerosol layers

are reported frequently (Muller et al., 2001; Satheesh et al.,

2008).
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Table 2. Antarctic stations, there features, location and measured optical depth.

Station name Type Country Location AOD Wavelength

(nm)

Year References

Maitri C,LA India 71◦ S, 12◦ E 0.034±0.005

0.01 to 0.1

500

400–1000

2007–2008

2000–2001

Present study

Gadhavi and Jayara-

man (2004)

Larsemann Hills C, LA India 69◦ S, 76◦ E 0.032±0.006 500 2007–2008 Present study

Terra nova Bay C Italy 76◦ S, 164◦ E 0.01–0.0 500 2005 Tomasi et al. (2007)

Aboa I, LA Finland 72◦ S, 96◦ E 0.035–0.063 500 2000 Wehrli (2005),

Tomasi (2007)

Neumayer C, LA Germany 71◦ S, 8◦ W 0.044 500 1999–2002 Weller et al. (2008)

Mirny C,LA Russia 67◦ S, 93◦ E 0.01–0.02

0.03

1000

500

1980–1988

2006

Radionov (1994)

Tomasi et al. (2007)

Kohnen I, HA Germany 75◦ S, 0◦ E 0.013 500 1999–2002 Tomasi et al. (2007)

Dome C I, HA Italy/France 75◦ S, 123◦ E 0.02

0.007

500

870

2003–2004 Tomasi et al. (2007)

South Pole I, LA USA 90◦ S 0.01–0.02 1000 1958, 1962 Viehbrock and Flow-

ers (1968)

McMurdo C,LA USA 78◦ S, 167◦ E 0.02 1000 1978 Shaw (1982)

Maudheim C, LA Norway 71◦ S, 11◦ W 0.025 1000 1950–1951 Liljequist (1957)

George Forster C,LA Germany 71◦ S, 12◦ E 0.022 1000 1988–1991 Herber et al. (1993)

Plateau I, HA USA 79◦ S, 41◦ E 0.02 1000 1969 Tomasi et al. (2007)

C – Coastal, I – Inland, HA – High Altiude, LA – Low Altitude

The storm belts that surrounds Antarctica act as efficient

barriers for the migration of aerosols and trace gases from

low latitudes (Shaw, 1982) and vice versa. As shown in

Fig. 3, during the study period, the airmass arrived at Maitri

and LH from the Antarctic continental regions. As such, a

major part of aerosols over here might be attributed to lo-

cal activities. Shirsat and Graf (2009) have shown that in

Antarctica 0.004 Tg of SO2 is produced per year from power

generation and transportation alone.

Notwithstanding this, the daily mean values seen in our

study are significantly lower than the values reported for the

different remote and coastal oceanic regions (Smirnov et al.,

2002, and references cited therein; Vinoj et al., 2007) outside

Antarctica vortex. With a view to comparing our values with

those existed over remote southern ocean we examined the

daily mean level 2 AOD data from the two AERONET sta-

tions (Fig. 1) for the period from 1 January to 31 March 2008

and the temporal variations are shown in the bottom panel of

Fig. 4. The solid stars represent the daily mean AOD over

Amsterdam Island and the open stars represent the AOD over

Crozet Island. At both these stations the AODs depict signif-

icant day to day variations which could be due to the high

and variable sea surface winds persisting over the southern

oceans (Moorthy et al., 2005b). The AODs are also signif-

icantly higher than those at Maitri and LH for the period of

common data. At Amsterdam Island, AOD values showed

a decreasing trend from January to March, with the values

becoming comparable to that at Maitri and LH by the end

of February/beginning of March. However, this is not true

for the Crozet Island (which has a better proximity to the

continent of Africa), where the AOD values remained higher

and more or less constant from January to March months.

The important point to note here is the geographical location

of both stations in southern ocean, which are entirely differ-

ent. Amsterdam is located outside the circumpolar current

area and away from the boundary of turbulent oceans (be-

yond ∼40◦ S) where as Crozet Island is inside the circum-

polar current area (which resists any particles exchange from

regions inside and outside the current area) and well within

the turbulent oceans. This also may be responsible for the

high and almost constant AOD over the Crozet Island. The

AOD values reported from different locations of Antarctica

starting since 1950s are listed in Table 2. It shows that while

our values are quite comparable to those at other coastal lo-

cations, but slightly higher than the values reported from the

inland stations.

4.2 Spectral variation of AOD

The mean spectral AODs were estimated for the respective

measurement periods, separately for Maitri, LH and for the

Coastal Antarctic Ocean (CAO; 60◦ S–69◦ S) are shown in

Fig. 5a. As the spectral dependence of AOD contains infor-

mation about aerosol size distribution, which can be inferred

in a simplest way by using the Angstrom power law relation

of the form (Angstrom, 1964)

τp(λ) = βλ−α (1)
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Fig. 5. (a) Mean AOD spectrum for the entire period at Maitri and

Larsemann Hills along with the CAO region where open sphere,

solid sphere and open square corresponds to CAO, Maitri and LH,

respectively. The vertical line passing through the symbol repre-

sents the standard deviation from the mean value. (b) Spectral vari-

ation at Amsterdam (represented by solid star) and Crozet Island

(represented by open stars). The vertical line passing through the

symbols are the standard deviation from the mean value.

where α is Angstrom exponent, β is the turbidity parameter

and λ is the wavelength in µm. Estimation of α and β was

done by the least square fitting to the each spectral optical

depth measurements in log-log scale. In general, α > 1 indi-

cate an increased abundance of fine and accumulation mode

aerosols (size < 1 µm) in the aerosol size spectrum, while

α < 1 is considered indicative of a coarse mode aerosol (size

> 1 µm) dominance. Figure 5a clearly shows that spectral

variation is flat for LH compared to Maitri and CAO, indi-

cating aerosol size distribution at Maitri and LH are different.

With a view to compare the AOD spectra with further north

of the CAO, but outside the Antarctic vortex, the mean AOD

spectra for the study period from the AERONET stations are

shown in Fig. 5b, where the solid and open stars represents

Amsterdam and Crozet island respectively and the vertical

lines indicating the corresponding standard deviation. It is

found that AOD are spectrally independent which is typical

of remote marine environments (Smirnov et al., 2002).

The day-to-day variations of α at CAO, Maitri, LH and the

island stations (Amsterdam and Crozet) are shown respec-

tively in the top and bottom panels of Fig. 6, where in the top

panel, solid and open circles represents the values at Maitri

and LH and the filled squares represents the daily average

values in the CAO. The solid and open stars in the bottom

panel represent the values at Amsterdam and Crozet Island

respectively. For the study period at Maitri, the daily average

α varied from 0.8 to 1.6 with an average of 1.2±0.3, which is

comparable to the mean value obtained for CAO (1.1±0.09),

Fig. 6. Daily mean values of Angstrom parameters α at Maitri, LH

(in top panel), Amsterdam and Crozet Island (in bottom panel). The

vertical line in the top panel shows the standard deviation from the

mean values.

whereas for LH it varied from 0.6 to 1 with an average α of

0.7±0.2 which is significantly lower than that at Maitri and

CAO. The α values over Amsterdam and Crozet Islands are

found to be <0.75 (with the occasional occurrence of neg-

ative values indicating coarse mode abundance) through out

the study period.

Angstrom coefficient β, varied from 0.009 to 0.02 at

Maitri (with an average of 0.015±0.005) and from 0.015 to

0.024 at LH (with an average of 0.02±0.004). These values

are comparable to the range of values (0.002–0.1) reported

by Tomasi et al. (2007) for the different coastal and inland

Antarctic station.

During the measurement period over CAO winds were

comparatively calm (inferred from ship AWS data) and the

ocean surface was covered (not totally) with sea ice, whereas

at LH winds were comparatively higher (average of 5 ms−1)

and ocean surface was free from sea ice. The decrease in the

steepness of AOD spectra (correspondingly lower α) may

be due to the occurrence of high sea surface winds over

open Ocean and the consequent production of sea salt par-

ticles which are generally larger in size (Fitzgerald, 1991;

O’Dowd et al., 1997; Moorthy et al., 1997; Moorthy and

Satheesh, 2000; Vinoj and Satheesh, 2003). An exami-

nation of the surface wind over the oceanic regions adja-

cent to the island stations (Amsterdam and Crozet) by using

QuickSCAT wind data showed variable winds varying from

a minimum of 3 m s−1 to maximum of 16 m s−1 with an aver-

age of ≥10 m s−1. Similar results depicting the surface wind

speed dependence on spectral AOD has been reported over

same latitude region by Smirnov et al. (2006) and Vinoj et

al. (2007).
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Fig. 7. Daily mean total mass concentration (MT) and accumulation

mode mass concentration (MA). The solid and open circles are

daily averages of MT and MA for Maitri and LH in top and bottom

panel, respectively. The vertical lines passing through the symbol

are the standard deviations from the mean values.

The dominance of fine and accumulation particles at

Maitri might be due to

1. the enhanced station activities there,

2. pre existing accumulation mode dominant background

aerosols in the coastal Antarctic atmosphere as sug-

gested by Herber et al. (1993) and Hara et al. (2005);

and

3. those of biogenic species (like methane sulphonate)

and non sea salt sulphate (products of dimethyl sul-

phide) which have been reported during Antarctic sum-

mer (Weller et al., 2008).

On the other hand, LH being very near to and surrounded by

the open Ocean (free from sea ice) and having a low eleva-

tion of just 48 m m.s.l., it is conducive of being influenced by

the local (wind generated) sea salt particles much more than

Maitri (almost 75 km away from the open Ocean). Moreover

as the coarse mode sea salt particles get settled faster in com-

parisons to the fractionated sea salt aerosols and as such the

marine airmass reaching Maitri would be strongly deprived

of the coarse mode component. This would explain the dif-

ference in α between the two stations. From extensive mea-

surements at multiple Antarctic stations, Tomasi et al. (2007)

have reported values in the range 0.02 to 2.54 for α at differ-

ent stations in Antarctica in which the values over the coastal

locations varied from 0.5 to 1.2 similar to the values reported

in the present study.

4.3 Mass concentrations of ambient aerosol

Each measurement of the QCM provided direct information

of the total mass concentration, MT (of particles over the

entire size range 0.05 to 25 µm) in unit volume of ambi-

ent air, along with the mass concentrations in its each size

bin. From the size segregated mass concentrations, accu-

mulation mode mass concentration (MA) was determined as

the sum of the mass in channels 7 to 10 of the QCM (size

range ≤0.8 µm). The individual estimates of MT and MA

for each day were averaged to get the daily mean values. In

Fig. 7, we have shown the day-to-day variations of MT in

top panel and MA in the bottom panel where the solid cir-

cles correspond to the values at Maitri and open circles cor-

respond to LH. The vertical bars through the points represent

the corresponding standard deviations. MT depicted fairly

large day-to-day variation at Maitri, from a minimum value

of 4.4 µg m−3 to a maximum of 14.7 µg m−3, with a mean

value of 8.25±2.87 µg m−3. Comparatively lower values are

found at LH where it varied from 4.58 µg m−3 to 8.53 µg m−3

with a mean value of 6.03±1.33 µg m−3 for the study period.

While the minimum values at both locations are compara-

ble, showing the homogeneity in the background values over

coastal Antarctica. The maximum values are rather higher

over Maitri before the blizzard event. The standard devi-

ation in both MT and MA at Maitri were quite larger than

the deviations at LH, similar to the columnar AOD. While

the measured value of MT with day to day variations over

Maitri has been similar to earlier reports by Gadhavi and Ja-

yaraman (2004) PM10 particles, these were higher than the

values reported by Mazzera et al. (2001) for PM10 particles

at Mc Murdo station, Antarctica. The low variabilities in

MT and MA at LH is consistent with the subdued station

activities and the absence of any neighbouring stations up-

wind. Other processes such as troposphere-stratosphere ex-

change of aerosols is very less effective over Antarctica due

to the low pressure in the upper stratosphere that makes wind

flow always towards the oceans. Only when the polar vor-

tex breaks down, the exchange of the stratosphere and tro-

posphere air takes place and the aerosols are brought down

to the lower troposphere and that too mainly at high lati-

tudes region (Hogan et al., 1979). These aerosols are then

transported towards the coastal Antarctica by the katabatic

wind and strength of this cycle may contribute significantly

in the day to day variation in the ambient mass concentration.

Not withstanding the day-to-day variations, the mean values

of MT reported in our study were significantly lower than

the values reported for distinct regions between coastal India

and coastal Antarctica as listed in Table 3, which reveals a

large gradient with higher values in the northern oceanic re-

gions, decreases towards south, showing the highly subdued

impacts of anthropogenic activities over Antarctica.
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Table 3. Total mass concentration at Antarctic location and comparison with the off Antarctic coastal and oceanic regions from coastal India

to coastal Antarctica.

Location MT (µg m−3) References

Antarctic locations

Maitri (71◦ S, 11◦ E) 8.25±2.87 Present study

Larsemann Hills (69◦ S, 76◦ E) 6.03±1.33 Present study

Maitri (71◦ S, 11◦ E) 9.1±6 Gadhavi and Jayaraman (2004)

Mc Murdo (78◦ S, 167◦ E) ∼3.5 to 4.2 Mazzera et al. (2000)

Off Antarctic locations (from coastal India to coastal Antarctica)

Coastal India 50 to 80 Moorthy et al. (2005a)

Arabian Sea 16.7±7 Nair et al. (2008)

Bay of Bengal 20 to 100 Nair et al. (2008)

Indian Ocean <20 Jayaraman et al. (1998)

Southern Ocean 15 to 60 Moorthy et al. (2005b)

4.4 Number size distributions

From the individual mass size distribution obtained from the

QCM measurements, the daily mean number size distribution

(NSD) were determined (Pillai and Moorthy, 2001) and aver-

aging them over the study period, mean representative NSD

for Maitri and LH were estimated. These are shown in a log-

log scale, in Fig. 8. The low resolution (in size) of the QCM

does not bring out any fine features in the size spectrum,

and at both locations the NSD showed a rather monotonic

decrease in number concentrations (with increase in particle

size) which could be parameterized using an inverse power-

law distribution of the form

n(r) = Cr−v (2)

where as C is a constant which depends on the total number

of particles. The size index ν was estimated by a regression

fit of Eq. (2) to the mean NSD. The size indices estimated

from the individual QCM measurements varied from 3.4 to

3.8 with an average value of 3.6±0.1 at Maitri where as it

ranged from 3.1 to 3.7 with mean of 3.5±0.3 at LH. This

indicates that on an average the size distributions of ambi-

ent aerosols were quite similar at the two locations; which

is in contrast to the feature seen with columnar AOD earlier.

Considering the columnar size distributions of the aerosols to

follow a form given in Eq. (2), Angstrom exponent α (esti-

mated from Eq. 1) and the size index ν (estimated from Eq. 2)

could be related by the expression

ν = α+3 (3)

In such case, a comparison of ν values estimated from AOD

spectral index α and from the QCM measurements could be

used to qualitatively infer on the vertical homogeneity of

the aerosol size distribution. This has been done in Fig. 9,

which shows the temporal variation of the daily mean value

Fig. 8. Aerosol number size distributions for Maitri and LH esti-

mated from QCM measurement. The solid circles are for Maitri

where as open circles are for the Larsemann Hills region.

of ν from α values (obtained from columnar AOD) shown

as open circles and those obtained from QCM values, shown

solid circles. It emerges from the figure that over Maitri,

the size index ν estimated from α is significantly higher than

that seen near the surface, which in turn suggests the pres-

ence of significant abundance of fine and accumulation mode

aerosols aloft (above the Antarctic boundary layer) at Maitri.

In other words, the mean size distribution of aerosols in verti-

cal column differed significantly from that seen near the sur-

face at Maitri for the most of the period, except towards the

end of study period, after a long and intense blizzard event.

This is examined in detail subsequently. Such a feature was

not seen at LH, during the study period.
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Fig. 9. Temporal variation of the daily mean values of the size in-

dex (ν) from α values (obtained from spectral values of columnar

AOD) and those obtained from number size distribution retrieved

from quartz crystal microbalance impactor.

5 Effect of blizzards and snow scavenging on aerosol

properties

Scavenging of the aerosol particles in the Antarctic atmo-

sphere occurs mainly by the blizzards, accompanied by

snowfall, and snow or ice drift, which are more frequent in

winter than in summer. Snowfall is the only type of pre-

cipitation over Antarctica, and wind generated snow or ice

particles in the atmosphere are also good scavengers of the

aerosol particles. While the snowfall is a good scavenger

at higher altitudes of the atmosphere, the snow or ice drift

mainly contributes in the removal of near surface aerosols.

At Maitri, a long blizzard event (20 January to 28 January

2008) occurred during the study period and we examined the

impact of this on the measured and derived aerosol properties

in Fig. 10. In this figure we show AOD, α, β and MT in four

panels respectively from the top to bottom. In each panel,

the points are the daily mean values, the vertical bars through

them are the standard deviation and the horizontal lines rep-

resent the mean value of the parameter before and after the

blizzard and the thick error bar is the respective standard er-

ror. The duration of the blizzard is shown by double headed

arrow in each panel. The figure clearly shows that the ef-

fect of blizzard is clearly discernible in the columnar AODs,

which dropped significantly after the event. Prior to the bliz-

zard AOD varied in range 0.032 to 0.046 giving an average of

0.038±0.006, which reduced to be in the range of 0.026 and

0.039 giving an average of 0.031±0.03 after the blizzard. In

fact the drop is much more if we consider the AODs for the

days just before the blizzard onset (AOD ∼0.042) and the

day immediately after the blizzard (0.030). The mean AOD

value remained low even after a week and became compa-

Fig. 10. Aerosols optical depth (τ), Angstrom exponent α, colum-

nar loading “β” and total mass concentration (MT) before and after

the blizzard at Maitri. The vertical line passing through the circles

are the standard deviation from the mean value whereas the hori-

zontal line represents the mean value before and after the blizzard

event whereas the thick vertical line is the standard error.

rable to the values at LH, showing that the snow scavenging

has cleaned the environment over Maitri significantly partic-

ularly at higher levels. Examining the other parameters, it is

interesting to note that, α showed a significant reduction af-

ter the event indicating a substantial washout of the fine and

accumulation mode aerosols from the column. The presence

of large ice crystals in the Antarctic atmosphere following a

blizzard (Tomasi et al., 2007) also would have contributed to

flatter AOD spectra after the blizzard. The low mean tem-

peratures prevailing after the blizzard period (below 0 ◦C;

Fig. 3), would favor the formation of such ice crystals in

the atmosphere. However, β, which corresponds to AOD at

1 µm, did not show remarkable changes. In the case of MT,

the variations within a day were higher before the blizzard.

After the blizzard even though there was no significant drop

in the mean value, the intra-day variation became smaller.

This could be due to the prevalence of the local station ac-

tivities, which maintains a steady flux of aerosols input to

the atmosphere, replenishing the particles that were removed

from the atmosphere. After the blizzard the movement and

transport were restricted in and around Maitri due to snow

or ice cover and this would have resulted in reduction of the

wind produced dust from ground, which may result in the

reduction of the variability during the day. However, these

aspects need more investigations after the blizzards to char-

acterize appropriately. Our studies show that there was a sig-

nificant change in the aerosol size characteristics, and colum-

nar abundance after the blizzard, resulted into the reduction

of AOD and Angstrom exponent α.
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6 Summary and conclusions

Spectral aerosol optical depth (AOD) and total as well as

size segregated mass concentrations of ambient aerosols have

been studied at two Indian stations in Antarctica, Maitri and

Larsemann Hills (LH), in southern hemispheric summer, dur-

ing the 27th Indian Scientific Expedition to Antarctica. Our

investigations over these locations have revealed that:

1. Mean AOD over Maitri (0.034±0.005) is comparable

to that at LH (0.032 ± 0.006), showing the spatial ho-

mogeneity in aerosol properties over the Antarctic at-

mosphere. On the other hand, AOD measured at Am-

sterdam and Crozet Island in Southern Ocean was sig-

nificantly higher and variable than that over Maitri and

LH.

2. Spectral variations are similar for LH, Amsterdam Is-

land and Crozet Island but differ significantly form

Maitri. Estimated α showed a fine mode dominance

at Maitri (α ∼1.2) and coarse mode dominance at LH

(α ∼0.7), Amsterdam and Crozet Islands.

3. Air mass back trajectories obtained for the full sum-

mer and autumn period (1 December 2007 to 31 March

2008) showed that, aerosols properties over both the

sampling location are modified by wind coming from

the high latitude polar region. With the increased

tourism and scientific activities during summer, there

can be a large day to day variability in the aerosol, char-

acteristics at coastal Antarctica due to the air mass com-

ing at the stations from inland continental stations.

4. Blizzard resulted into the reduction of AOD and

Angstrom exponent α over Maitri where as total mass

concentration MT remained more or less same. This

needs to be investigated in detail for delineating the lo-

cal effects in the ambient aerosol concentrations.
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Weller, R., Wöltjen, J., Piel, C., Resenberg, R., Wagenbach, D.,

König-Langlo, G., and Kriews, M.: Seasonal aspects of marine

and mineral dust derived trace elements in the aerosol at Neu-

mayer Station, Antarctica, Tellus B, 60(5), 742–752, 2008.

Wolff, E. W. and Cachier, H.: Concentrations and seasonal cycle of

black carbon in aerosol at a coastal Antarctic station, J. Geophys.

Res., 103, 11033–11041, 1998.

www.ann-geophys.net/29/109/2011/ Ann. Geophys., 29, 109–121, 2011


