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ABSTRACT

Anthropogenic warming of near-surface atmosphere in the last 50 years is dominant over the west Antarctic Peninsula.
Ozone depletion has led to partly cooling of the stratosphere. The positive polarity of the Southern Hemisphere Annular
Mode (SAM) index and its enhancement over the past 50 years have intensified the westerlies over the Southern Ocean,
and induced warming of Antarctic Peninsula. Dictated by local ocean-atmosphere processes and remote forcing, the
Antarctic sea ice extent is increasing, contrary to climate model predictions for the 21st century, and this increase has
strong regional and seasonal signatures. Models incorporating doubling of present day CO, predict warming of the Ant-
arctic sea ice zone, a reduction in sea ice cover, and warming of the Antarctic Plateau, accompanied by increased

snowfall.
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1. Introduction

Antarctica was discovered by James Cook who crossed
the Antarctic Circle and circumnavigated the continent in
1773. The first landing on the continent was accom-
plished by the Norwegian whaling ship Antarctic in 1895,
while the British were the first to spend a winter on Ant-
arctica in 1899. The first recorded settlement on Antarc-
tica is the Orcadas station (60°44.25'S, 44°44.33'W) that
was set up on Laurie Island in 1903. In 1957, the Interna-
tional Geophysical Year provided a fillip to the Antarctic
expeditions which led to the establishment of perma-
nently manned stations at many points around the conti-
nent. Airplanes first landed on Antarctica when Austra-
lian Hubert Wilkins flew 2092 km over the Antarctic
Peninsula in the 1920s. Richard Byrd took the first Ant-
arctic flight in 1929 and discovered a new mountain
range which he named Rockefeller. Byrd continued the
Antarctic explorations for three decades and revolution-
ized the use of modern vehicles and communications
equipment for polar exploration. Though Antarctica still
remains an enigma, from the point of being isolated, mys-
terious and inhospitable, there is, however, greater acces-
sibility by air via the ice runways and by sea which is
being offered by different countries through their science
programmes and adventure tourism.

Antarctica is the coldest, windiest, and driest continent
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with a repository of more than 70% of the Earth’s fresh-
water in the form of ice sheet. Despite its thick ice sheet,
very little moisture falls from the sky over Antarctica.
The inner regions of the continent receive an average
precipitation of 51 mm/yr, primarily in the form of snow,
while the coastal regions receive only average 203 mm
per year. The mean precipitation minus evaporation for
the 20th century for the whole continent is in the range of
150 - 190 mm/yr [1]. The threatening experiences in Ant-
arctica are wind chill and blizzard which is a combina-
tion of gale force winds (~160 km/h), blowing snow and
poor visibility. It is the highest continent with numerous
mountain ranges with an average height of 2500 m. With
a length of 3500 km and a width of 100 - 300 km, the
Transantarctic Mountains forms the longest boundary
between East and West Antarctica (Figure 1). With a
large change in the altitude from coast to the Antarctic
Plateau, cold and dense pool of air flows out from the
polar plateau. As the wind descends the steep vertical
cliffs with heaps of snow, it is accelerated by gravity and
spreads out towards the coast forming katabatic winds.
Antarctica hosts numerous fresh water and saline lakes
in the ice-free oases on the edge of the continent such as
the Vestfold Hills, Larsemann Hills and McMurdo Dry
Valleys, which colonized by various organisms. The size
of the lakes ranges from small ponds to an area greater
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than 10 km? in depth from a few centimeters to over 300
m, and in age from a single summer to several full glacial
cycles. Those that contain liquid water throughout the
year, with either seasonal or perennial ice insulating the
water against heat loss and complete freezing, are generally
referred to as lakes while those that freeze to the base
during winter (typically <2 m deep) are referred to as
ponds. Most of these lakes postdate the Last Glacial
Maximum, between 25,000 and 18,000 years ago, when
the ice sheet expanded over many of the coastal oases
and across the continental shelf. Epiglacial lakes are the
most common lakes in Antarctica, which are usually
formed in depressions at the boundary between areas of
rock and ice and are often perennially ice-covered. Su-
praglacial lakes are found on the surface of the ice sheet,
glaciers, and ice shelves, which range from cryoconite
holes, less than a meter across, to melt water lakes that
can extend to several square kilometers. Chemically, the
lakes contain fresh to hypersaline water with concentra-
tions of salt exceeding eight times that of seawater, which
prevents them from freezing during winter when their
water column temperature drops below —10°C. Many
saline lakes exhibit seasonal or permanent stratification
of their water columns due to temperature and salinity
gradients.

The continent is surrounded by sea ice which range
from about two million square kilometers in January/
February (austral summer) to thirteen million square kilo-
meters in September/October (austral winter). Since the
reliable satellite-based monitoring started in 1979, Ant-
arctic sea ice extent (the total area covered by at least
15% of ice) shows slight increasing trend of 0.6% + 0.5%
per decade (http://nsidc.org/data/seaice_index). However,
this small Antarctic sea ice increase is actually the result
of much larger regional increases and decreases, which
are caused by wind-driven changes [2]. In some regions,
enhanced northward winds cause the sea ice to spread
outwards from the continent. The sea ice extent peaked at
19.44 million km’® on 26 September 2012. All the activi-
ties on this land are governed by Antarctic treaty which
came into force in 1961 with twelve original signatories.
Under this treaty Antarctica is the land that symbolizes
unity and fraternity—a land of no war, no conflict, no
mining, a land of solidarity, and a land of scientific re-
search. To date, the Antarctic Treaty has 48 member
countries, a number of observer countries, and several
non-governmental organizations.

2. Antarctic Evolution and Climatic Events

Antarctica, as it appears today exists for the past 60
million years, but it has not always been located where it
is now, nor has it always been so cold. Antarctic history
dates back to giant Southern Hemisphere land-mass known
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as Gondwanaland, which existed from 500 to 160 million
years ago. At this time the eastern part of Antarctica
formed the core of this super continent which also in-
cluded Africa, South America, India, Australia and New
Zealand. Evidence for this link up can be found in the
similar geological features of the southern parts of these
continents, which led Alfred Wegner to propose his the-
ory of Continental Drift in 1912 [3] that set the founda-
tion to the development of theory of plate tectonics. It
suggests that the continents move about on convection
currents in the earth’s molten interior. The superconti-
nent began splitting about 183 million years ago, during
the Jurassic period. The violent volcanic eruptions swept
past the land and ocean beds and caused extinction of
many species including dinosaurs. Indian plate separated
from that of Antarctic about 100 million years ago, Aus-
tralia about 40 million years ago and South

America was the last to separate at around 23 million
years before present. This opened the sea route—the
Drake Passage—between South America and Antarctica
about 28 million years from present, isolating the latter
from the warmer world and ushering the formation of ice
sheet on Antarctica.

Antarctic continent is divided into East Antarctica and
West Antarctica, which are quite different geologically
from each other (Figure 1). East Antarctica consists of a
stable shield of pre-Cambrian rocks older than 570 mil-
lion years and mostly above sea-level. West Antarctica
would be simply a string of islands, if the ice cover were
removed. The two regions are separated by the Trans-
Antarctic Mountains extending from the tip of the Ant-
arctic Peninsula to Cape Adare, spanning a distance of
about 3500 km. East Antarctica is colder than its western
counterpart. In most places, about 2% - 4% of the area
are exposed which consists of isolated tips of mountains
(nunataks), the edges of the continent where the ice sheet
leaves exposed rock and oases that have been exposed
both through postglacial retreat of the ice cap and isostatic
rebound of the Earth’s crust following the most recent
deglaciation. The largest oases are found near the coast
of the Ross Sea, and are known as the McMurdo Dry
Valleys. Other large oases are found in eastern Antarctica
including the Vestfold Hills, Larsemann Hills, Bunger
Hills, Schirmacher Oasis, Syowa QOasis, and on the Ant-
arctic Peninsula at Ablation Point on the east coast of
Alexander Island. The coast of Antarctica is more densely
populated with ice shelves, and nearly half the coastline
consists of floating ice.

The present climate over the Antarctica is a result of
interaction of the cryosphere-ocean-atmosphere and can
be briefly summarized as follows. With a decline in CO,
level and air temperature at above 4°C than the present
[4,5], ice sheets were formed around 34 Ma ago [6]. The
ice sheets spanned all over the Antarctic continent,
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Figure 1. Land topography and geographical locations of key places and regions in Antarctica.

although they were warmer and thinner than present.
With a gradual decrease in global CO, levels, thick ice
sheets covered Antarctica about 14 Ma ago [7]. Ice core
records from East Antarctica reveal an early Holocene
climatic optimum from 11.5 to 9 ka ago, followed by a
cold event about 8 ka ago, then a return to mid-Holocene
warm conditions, and followed by a slow cooling that
ended with the rise in CO, post-1850. Overlapping on
these long-term trends are millennial scale oscillations,
some of which involves relatively abrupt events that saw
strengthening of the westerlies and development of a
massive Amundsen Sea Low in the South Pacific, ac-
companied by cooling over East Antarctica, between 6000
and 5000 AD and other between 1700 and 1000 AD.

3. Antarctic Atmospheric Chemistry

The Antarctic air, snow, and ice bears the testimony of
anthropogenic chemicals which have accumulated over
time scales ranging from storm events to hundreds of
thousands of years. Over Antarctica springtime depletion
of stratospheric ozone 10% below normal of January
levels was detected in 1984, by using measurements from
ground-based Dobson spectrophotometers [8] over Hal-
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ley Bay, Antarctica. A long-term trend derived from sat-
ellite observations and ground-based measurements (o0zone-
sonde, Brewer spectrophotometer, etc.) suggest that the
ozone hole grew rapidly in size and depth from 1980 to
2000 (Figure 2(a)) because global emission of ozone-
depleting substance like chlorofluorocarbons (CFC) from
several industrial processes peaked at 2.1 million tonnes
per year, and by 2005 it declined by 70% to 0.5 million
tones.

The ozone, which forms a protective layer at about 15
- 10 km altitude, is catalytically depleted by reactive
chlorine gases which release C1O, radicals on the surface
of ice crystals in polar stratospheric clouds [9]. These
radicals are set free by the industrial compounds—the
CFCs. The destruction takes place in the austral spring
(August - October), when the sun begins to rise, heating
the stratosphere and supplying UV rays that convert chlo-
rine gas to the chlorine atoms that attack ozone mole-
cules. This chemical reaction is facilitated because the
Antarctic stratosphere cools down to below —78°C. That
coldness is sustained by strong stratospheric winds that
blow clockwise around the continent during austral win-
ter to form a wall of moving air called the polar vortex.
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Figure 2. Annual-mean time series of ozone hole area and
column ozone observed by Total Ozone Mapping Spec-
trometer (1978-2005) and Ozone Monitoring Instrument
(OMI) (2005 onwards) processed with the Version 8 algo-
rithm that has been developed by NASA Goddard’s Ozone
Processing Team.

Inside the vortex the temperatures drops as the supply of
warm air from outside is terminated, causing the water
vapor to condense into tiny ice particles leading to the
formation of polar stratospheric clouds. These clouds draw
the chlorine-bearing compounds that are released by in-
dustrially produced CFCs. Man-made CFCs enter the
stratosphere primarily from the tropical upper troposphere
and accumulates in the stratosphere; the air motions then
transport these gases upward and toward the pole in both
hemispheres.

By October, the solar radiation warms up the air, melt-
ing the icy particles that make up the polar stratospheric
clouds and the ozone destruction stops. The molecules
that were bound to their icy surfaces are released to bind
chlorine gas, arresting its breakdown into destructive chlo-
rine atoms. By November, the polar vortex disintegrates,
facilitating the flow of ozone rich air from outside thereby,
replenishing the ozone that was destroyed. The ozone
levels in the stratosphere are restored back to normal,
until the following spring when the process begins again.
A reduction in the emissions of ozone-depleting sub-
stances [10] has diminished the ozone hole (Figure 2(a))
by about 60%. Its intensity however varies from year to
year depending on variability in atmospheric conditions.
For example, in the austral spring of 2002, a sudden
stratospheric warming caused a significant reduction in
the size of the ozone hole, leading to higher ozone con-
centrations than usual. Observation from 1985 to 2002
have revealed that the lower part of the stratosphere has
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cooled by 10°C, as a result the time of decay of the polar
vortex has shifted from early November during the 1970s
to late December in the 1990s [11]. It is inferred that a
cooler stratosphere may in turn strengthen polar strato-
spheric cloud formation thereby, aggravating the condi-
tions for ozone depletion. This inversion type of scenario
could enhance further warming of the Antarctic tropo-
sphere.

A call to phase down the global production, consump-
tion and emissions of ozone-depleting substances (OSDs)
was made at the Montreal Protocol, which was negoti-
ated and signed by 24 countries and by the European
Economic Community in September 1987 [12]. Under
the Montreal Protocol and national regulations, signifi-
cant decreases have occurred in the production, use, emis-
sions, and observed atmospheric concentrations of CFC-
11, CFC-113, methyl chloroform, and several other ODSs
[10] and there is emerging evidence for recovery of strato-
spheric ozone [13]. Further progress was made at the
Kyoto Protocol wherein the United Nations Framework
Convention on Climate Change [14] set binding obliga-
tions on the industrialized countries to reduce their emis-
sions of greenhouse gases (CO,, CH4, N,O, HFCs, PFCs,
and SFg) in the atmosphere to 1990 baseline in order to
prevent dangerous anthropogenic interference with the
climate system. The Protocol was initially adopted on 11
December, 1997 in Kyoto and entered into force on 16
February, 2005. As of September 2011, 37 developed
nations have signed and ratified the protocol, except for
USA which did not ratify the same. The pollution-reduc-
tion commitments made by industrialized nations expired
on 31 December 2012.

Chemicals like Pb have entered Antarctica as early as
1880s [15] through the use of leaded gasoline in vehicles
engaged for logistic operations. Eolian fallout flux of
lead in Antarctica is estimated to be about 0.07 ng Pb/
cm’/yr, while snow cores covering the last two centuries
collected at an inland site in East Antarctica showed
concentration of 1.7 pg-Pb/g [16]. Over the decades, the
Pb concentration has increased 2 to 3 folds as a result of
industrial lead pollution; however, a decreasing trend in
Pb levels is observed during recent years with the phas-
ing out of Pb additives in gasoline. Low concentrations
of trace metals such as Cr, Cu, Zn, Ag, Pb, Bi, and U,
have been detected as a consequence of aerial transport
from surrounding continents [17-21]. In the last 50 years,
increases in anthropogenic source pollutants, including
trace elements, is partly due to Antarctic logistic active-
ties and the industrial activity in the Northern Hemi-
sphere. POPs such as polychlorobiphenyls and chlorine-
ated pesticides such as DDT and hexachloribenzene are
also detected in the Antarctic environment [22-25]. Ra-
dionuclides released from above-ground nuclear explo-
sions and also from Chernobyl nuclear accident have
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been detected [26] throughout Antarctica.

Though sea spray dominantly contributes to the ionic
budget of the atmospheric aerosol on global scale, for-
mation of fragile structures of sea-salt crystals, known as
frost flowers, caused by evaporation/condensation sea-
water processes during sea-ice growth is the source of
sea-salt components (ssNa®, ssMg”" and ssCl) to polar
atmosphere [27,28]. ssNa' is the dominant fraction of the
Na' budget, contributing more than 80% of the sea-spray
components. The concentration of ssNa™ varies from ~2
to ~30 ppb in the East Antarctic and from ~75 to ~15,000
ppb at coastal sites [29]. Higher values close to the coast
are attributed to the influence of either cyclones (ssNa"
rich) or katabatic winds (ssNa" depleted). ssCI” from
marine source exhibits a range from ~1 to ~28,000 ppb,
with highest values at coastal sites (~150 to ~28,000 ppb)
and lower values in the interior (1 to ~150 ppb) [29]. The
Antarctic Peninsula shows overall high values of ssNa"
and ssCI . The spatial variability of multisource (biomass,
lightning, marine, and human activity) NO; ranges from
~4 to ~800 ppb; highest concentration is detected in En-
derby Land, Dronning Maud Land, and Victoria Land
(~30 to 800 ppb) [29]. The lowest values for NO; are
observed at the Antarctic Peninsula and Kaiser Wilhelm
II Land. The spatial variability NO; sourced from bio-
mass, lightning, marine, and human activity ranges from
~4 to ~800 ppb. Highest values are observed in Enderby
Land, Dronning Maud Land, and Victoria Land, ranging
from ~30 to 800 ppb, while lowest values are observed at
the Antarctic Peninsula and Kaiser Wilhelm II Land [29].
The spatial variability of SOj, which is produced from
marine, evaporite, volcanic, and human activity, ranges
from 0.1 to ~4000 ppb. The source for SO; is volcanic
events. The Antarctic Peninsula shows low SO, values
(~10 to 30 ppb), with higher values only at coastal sites
(~75 to 1000 ppb). The spatial variability of marine
phytoplankton sourced methane sulphonic acid ranges
from 3 to ~160 ppb. With the exception of some coastal
pockets, the highest concentration of methane sulphonic
acid occurs at coastal sites, which decreases inland with
distance, altitude of the site and influenced by seasonal
atmospheric circulation pattern [30]. Terrestrial and ma-
rine based Ca™", Mg, and K" concentrations range from
0.1 to 740 ppb, from 0.2 to ~2000 ppb, and from 0.1 to
600 ppb, respectively [29]. All three species show low
concentrations across Antarctica, except for regions which
have marine influence.

A study was carried out based on firn core, snow pit
and superficial snow samples collected from the northern
Victoria Land-Dome C-Wilkes Land (East Antarctica),
as a part of International Trans-Antarctic Scientific Ex-
peditions (ITASE) project during 1992-2002, to identify
the processes influencing the spatial distribution of ionic
sea-spray components [31]. Their study revealed that the
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sea-spray depositional fluxes decreased as a function of
distance from the sea and altitude, with a two-order-of-
magnitude decrease in the first 200 km from the sea,
corresponding to about 2000 m above mean sea level.
Correlations of Mg>" and CI” with Na" and trends of
Mg*/Na" and Cl/Na" ratios showed that chloride had
other sources than sea spray (HCI) and was affected by
post-depositional processes. Sea-spray atmospheric scav-
enging was dominated by wet deposition in coastal and
inland sites. The Cl/ssNa" ratio was elevated by more
than five times higher than sea-water composition at the
inland Antarctic sites, but chloride preservation was heav-
ily controlled by the accumulation rate in the present
snow acidity conditions.

The Polar Regions are known for spectacular natural
light display in the sky resulting from emissions of pho-
tons in the Earth’s thermosphere from ionized atoms re-
turning from an excited state to ground state. They are
ionized or excited by the collision of solar wind and
magneto-spheric particles being funneled down and ac-
celerated along the Earth’s magnetic field lines. Colli-
sions between these ions and atmospheric atoms and mole-
cules cause energy releases in the form of aurorae ap-
pearing in large circles around the poles. Aurorae marked
by different colors appear depending on the amount of
energy absorbed and the state of the atom: if the atom
regains an electron after it has been ionized, or if return-
ing to ground state from an excited state. Green and red
aurora results from atomic oxygen, light blue from ionic
nitrogen, red and purple with ripple edges from neutral
nitrogen. Auroras are more frequent and brighter during
the intense phase of the solar cycle when coronal mass
ejections increase the intensity of the solar wind. On av-
erage, 50 aurorae have been recorded in Schirmacher
Oasis by Indian scientists in an austral season.

4. State of Antarctic Flora and Fauna

There are no indigenous populations of people on Ant-
arctica. However, human habitation of over 40,000 peo-
ple visits Antarctica during austral summer, as tourists,
scientists or station support personnel. The resource of
Antarctic and sub-Antarctic waters supports a vast num-
ber of a variety of seabirds, which play an important role
in the marine ecosystem. Penguins and Albatrosses are
the best known of Antarctic marine birds but it is the
Procellariidae (petrels, prions, fulmars, and shearwaters)
which constitute the majority of species that habitat the
region. Only a few species of Antarctic seabird are adapted
to breed regularly on the Antarctic continent, with Em-
peror (Aptenodytes fosteri) and Adélie penguins (Pygosce-
lis adeliae), and Antarctic snow petrels (Pagodroma nivea),
being the most abundant species. The ability to survive in
such climatic extremes is aided by behavioral adaptions
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and physiological characteristics such as sub-dermal fat
and layers of down and feathers.

Nesting grounds in the region are limited, being con-
fined to the scattered sub-Antarctic islands and ice-free
localities during the austral summer on the Antarctic
continent and Antarctic Peninsula (Figure 3). With their
black back and head, and white front, Adélie penguins
(Pygoscelis adeliae), named after the wife of French
Antarctic explore—Dumont d’Urville, are like miniature
men in evening dress. During winter they spend their
time in the pack ice and in the summer they return to the
Antarctic coast. Fishing mainly for krill, they can dive up
to 175 m, but mainly catch their food at the surface.
Named after the black band of feathers under their chin,
chinstrap penguins (Pygoscelis antarctica) are the most
abundant penguins mainly on the ice-free Antarctic Pen-
insula and Scotia Sea, with an estimated population of
nearly eight million pairs and 79,849 breeding pairs on
Deception Island (62°57'S, 60°38'W) [32]. Living mainly
on a diet of crustaceans, they can dive up to 70 m.

One of the largest of all birds is the Emperor Penguin
(Aptenodytes fosteri) which is identified by gold patches
on their ears and on the top of their chest which brighten
up their black heads. They breed in large colonies on the
sea-ice surrounding the Antarctic continent. A recent
census of Aptenodytes fosteri carried out by employing a
supervised classification method to separate penguins
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from snow, shadow and guano (excreta stains) on a com-
bination of medium resolution and very high resolution
satellite imagery have estimated a total population of
about 595,000 adult birds [33]. This satellite-based sur-
vey carried out around 90% of Antarctica’s coast identi-
fied a total of 46 colonies of emperor penguins during
2009 breeding season. The locations and the size of the
colony are depicted on Figure 3. Gentoo penguins (Py-
goscelis papua) have the most prominent tail of all pen-
guins, which sticks out behind and sweeps from side to
side as they walk. They nest on low hilltops or open
beaches. King penguins (Aptenodytes patagonicus) are
the second largest penguins, with a striking patch of or-
ange-gold feathers on their neck. They are expert divers,
reaching depths of greater than 240 m. They prefer warmer
temperatures so they live on the vegetated margins of
sub-Antarctic islands. Macaronis (Eudyptes chrysolophus)
are very colonial, forming massive colonies of hundreds
of thousands of birds, nesting on hillsides and rocky
cliffs.

A 30-year field study of Pygoscelis adeliae and Py-
goscelis antarctica penguins shows that populations of
both species in the West Antarctic Peninsula and Scotia
Sea have declined by respective averages of 2.9 and
4.3% per year in the last decade. The Adélie and Chin-
strap penguins populations have dropped by more than
50% in the Shetland Islands, Scotia Sea, and Antarctic

Antarctica

SO~ Pointe Géologi
. gie
. Davis Bay~Mertz Glacier

Figure 3. Spatial distribution of Emperior Penguin (Aptenodytes fosteri) population in 2009. The data was compiled by using

satellite-based reconnaissance. Redrawn from Ref. [33].
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Peninsula [34]. Euphausia superb, which forms a main
link between primary producers and higher tropic levels
in the Antarctic marine food web, is the largest abundant
species of Crustaceans in the Antarctic seas which is the
main food for baleen whales, crabeater seals, fur seals
and Adélie penguins [35]. Since 1970, the supply of
Euphausia superba has declined by as much as 80%
which is one of the reasons why penguins move to locate
and catch the prey [36]. The southwest Atlantic sector of
the Southern Ocean, including the Antarctic Peninsula,
has experienced rapid rises in sea water temperature [37]
with a 1°C increase in the surface layers of the Belling-
shausen Sea in last 50 years. As a result, there is reduc-
tion in sea ice which provides an essential habitat and
food supply via ice algae for these animals over the win-
ter period [36,38]. Thus, ocean warming and reduced
sea-ice cover have changed the physical environment re-
quired to maintain large krill populations [39-41]. The
amount of krill available to penguins has decreased be-
cause of increased demand for krill from recovering popu-
lations of whale and fur seal [42,43] and from climate-
driven changes that have altered this ecosystem signifi-
cantly during the last 2 - 3 decades [39,44-46].

The wandering Albatross (Diomedea exulans) is the
largest of seabirds, with a wing span reaching 3 m and a
body mass of 8 - 12 kg, which covers distances up to
10,000 km in 10 - 20 days, when foraging for food or
during breeding. There are 21 species worldwide and 5
species occur in Antarctica. Petrels feed mostly on fish,
squid and crustaceans from the ocean, while some spe-
cies also feed on eggs and chicks of other birds. In the
family Stercorariidae, Skuas (Catharacta maccormicki)
are widespread and prominent in the Antarctic. These
birds are notorious for their scavenging behavior. Out of

7 species worldwide only two species occur in Antarctica.

In the Laridae family, of the 55 species found worldwide
only one species of gulls exists on Antarctica. An annex
to the Antarctic Treaty of 1959 makes it mandatory for
the signatory nations to protect the environment and con-
servation of wildlife.

Antarctic soils, especially those of the coastal areas,
are characterized by a high content of coarse mineral
particles and total organic carbon, a low C:N ratio, acidic
pH, and are frequently enriched in nutrients due to the
influence of sea spray and an input of seabirds [47].
Permafrost conditions and high soil water-content may
be important constraints for plant growth in Antarctic
regions [48]. Moreover, cold stress is a greater influence
on flora and fauna in the Antarctic than Arctic. The vege-
tation of Antarctica consists of flowering plants namely
Deschampsia antarctica and Colobanthus quitensis, 27
liverworts [49], 111 species of mosses [50], 380 species
of lichens [51,52] and more than 300 species of algae and
cynobacteria [53,54], of which about 35 species have been

Copyright © 2013 SciRes.

identified in the Schirmacher Oasis [55]. Cyanobacteria
in Antarctic ecosystem are adapted to the harsh environ-
ment in terms of temperature, freezing and thawing cycle,
photoprotection, light acquisition or photosynthesis, low
humidity and prolonged period darkness. Of all the plants,
lichens are best adapted to survive in the harsh polar cli-
mate. They have proliferated in Antarctica mainly be-
cause there is little competition from mosses or flowering
plants and because of their high tolerance of drought and
cold. The peculiarity of lichens is that they are not one
homogeneous organism but a symbiosis of two different
partners, a fungus and an alga. The fungus part supplies
the plant with water and nutritious salt, meanwhile the
alga part organic substance, like carbohydrate produce.
With this ideal “job-sharing”, lichens can survive the
hardest conditions. The most common lichen is Usnea
sphacelata which looks like a small forest of bonsai; they
grow about 120 day per year. The bryophyte flora of
Antarctica currently includes about 75 moss and 25 liv-
erwort species which are mostly confined to maritime
and Peninsular Antarctica. The most abundant species of
moss is Bryum argenteum which is derived either from
past extensive Antarctic populations, or from multiple
introductions from outside Antarctica [56]. They are re-
produced asexually in Antarctica via bulbils and by de-
ciduous shoot which, following detachment from parent
plants, are distributed by water and wind [57].

The chemical characteristics of water, especially its
salinity and nutrient are important limnological features
for microbial diversity of the lakes. The Antarctic lakes
support the planktonic communities dominated by mi-
croorganisms, including bacteria and phototrophic and
heterotrophic protists, and by metazooplankton, usually
represented by rotifers and calanoid copepods, the latter
mainly from the Genus Boeckella [58]. However, the bulk
of the biomass and primary productivity is benthic, con-
sisting of cyanobacteria, diatoms, and green algae often
in luxuriant mats several meters thick [59,60]. The bio-
logical communities of Antarctic lakes utilize truncated
food chains characterized by the microbial loop [61] in
which heterotrophic and phototrophic bacteria and small
eukaryotic phytoplankton are consumed by heterotrophic
nanoflagellates, which are themselves consumed by lar-
ger protozoa and then metazoa, linking the energy lost as
dissolved organic matter back to zooplankton and other
consumers of net plankton. The lakes in the Larsemann
Hills are also found to harbor a large number of manga-
nese oxidizing bacteria (10° - 10° cfu/l), predominantly
belonging to the genera Shewanella pseudomonas and an
unclassified genus in the family Oxalobacteriaceae [62].
Only a small number of moss species—short moss turf
and cushion moss are found mostly in colonies frequently
in sandy and gravel soils in Antarctica. Prasiola crispa is
commonly found near bird colonies which can tolerate
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high levels of nutrients, others—the snow algae—may
form extensive and spectacular red, yellow or green patches
in areas of permanent snow. Studies have shown that some
blue-green algae thrive inside rocks in dry valleys [63].

The Annex V on “Area Protection and Management”
of the Protocol on Environmental Protection to the Ant-
arctic Treaty provides for the designation of Antarctic
Specially Protected Areas (ASPAs) and Antarctic Spe-
cially Managed Areas (ASMAs) [64]. The ASMAs are
managed by the governments of Brazil, Poland, Ecuador,
Peru, United States, New Zealand, Australia, Norway,
Spain, United Kingdom, Chile, India, Russia, and Roma-
nia. The purpose of the ASMA sites is to assist in the
planning and coordination of activities within a specified
area, avoid possible conflicts, improve cooperation be-
tween ATCPs and minimize environmental impacts. Ant-
arctic Specially Protected Areas (ASPA) are protected by
scientists and several different international bodies under
the Antarctic Treaty System. A permit is required for
entry into any ASPA site. With the rise in visitor num-
bers the potential for more species being accidently trans-
ferred to and within Antarctica increases. The invasive
alien species are identified as one of the biggest threats to
Antarctic terrestrial ecosystems, particularly in a warm-
ing climate scenario. Over 40,000 people visit Antarctica
during the austral summer, as tourists, scientists or sta-
tion support personnel. They are similarly thought to be
among the most significant conservation threats to Ant-
arctica, especially as climate change proceeds in the re-
gion. Ref. [65] carried out sampling, identification, and
mapping the vascular plant propagules carried by all
categories of visitors (scientists, tourists) to Antarctica
during the International Polar Year’s first season (2007-
2008) and assessing propagule establishment likelihood
based on their identity and origins and on spatial varia-
tion in Antarctica’s climate. Their study reveals that visi-
tors carrying seeds average 9.5 seeds per person, al-
though as vectors, scientists carry greater propagule loads
than tourists. Alien species establishment is currently most
likely for the Western Antarctic Peninsula.

Antarctic subglacial lakes form an important compo-
nent of the basal hydrological system which is known to
affect the dynamics of the ice sheet. It is estimated that
some of these lakes have been isolated from the atmos-
phere for more than one million years [66,67]. As such,
they harbor many interesting aspects regarding life in
extreme environments and the chemical pathways that
make life possible deep below the ice sheet. Answers to
such questions could serve to guide the researchers in the
coming decades of solar system exploration and the
search for life beyond planet Earth. Over the last few
decades, airborne radio-echo sounding has been used to
identify a number of lakes beneath the Antarctic Ice
Sheet [68]. Satellite images and airborne radio echo-
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sounding have been used to identify flat regions on the
ice-sheet surface, which have subglacial lakes beneath
them. A decade back, NASA launched the Ice, Cloud and
Land Elevation Satellite (ICEsat) [69] that uses laser
altimeter data to measure surface elevation changes at a
high resolution over glaciers [70], ice sheet [71]. ICEsat
satellite observations of subglacial lakes have shown that
the ice surface above subglacial lakes is constantly chang-
ing, suggesting that water is flowing between lakes [72].

The fourth inventory has led to identification of 234
more subglacial lakes taking the inventory to 379 [72].
The subglacial lakes were demarcated by using Radio-
Echo Sounding and validated by comprehensive ground-
based geophysical surveys (Figure 4 after Ref. [73]).
The lakes are amongst the most extreme viable habitats
on Earth and if sediments exist on their floors, they may
contain high-resolution records of ice sheet history. To
explore the life below the ice sheet, Russian scientists
after more than two decades of drilling in Antarctica
have confirmed that they reached the surface of a gigan-
tic freshwater, subglacial Vostok lake, which is estimated
to be 257 km long, 48 km wide and 3.7 km beneath the
surface [74]. Since the ice above Lake Vostok is over 15
Ma old, there is speculation that the lake will contain
microbial genomes which have been isolated from the
rest of the biological world for that period. The lake
could be an analog to Jupiter’s moon Europa or subsur-
face where conditions are similar. The prospect of ana-
lyzing these subglacial communities, their genetics and
physiology might open up a wide variety of questions
concerning Antarctic biogeography and microbial evolu-
tion [75]. The biogeochemical study of Lake Vostok and
other subglacial lakes will advance knowledge of Earth’s
own climate and help predict its changes.

5. Antarctic Warming and Surface Mass
Balance

During the last 50 years, Antarctica has undergone a
complex temperature changes. Analysis of Antarctic ra-
diosonde temperature profiles indicates that there has
been a warming of the winter troposphere [76] and cool-
ing of the stratosphere (3°C - 4°C/decade) during late
winter/springtime over the last 30 years [77]. The re-
gional mid-tropospheric temperatures around the 500 hPa
level have risen by 0.5°C - 0.7°C/decade [76]. On the
other hand, the lower part of the stratosphere cooled by
10°C during 1985 to 2002, and the time of decay of the
polar vortex has shifted from early November during the
1970s to late December in the 1990s [11]. In the lower
stratosphere, cooling trends appear to be primarily driven
by ozone depletion, whereas in the upper stratosphere
they are the consequence of both ozone changes and in-
creasing greenhouse gas concentrations [78].

1JG



A.

J. LUIS 967

20°W

40°W
L4

110°W

65°S
60°S
130°W

150°W

ooe AVSOE lake O
- o Sovelskaya

-l N
Vostok ‘,',

ubglaciala s |
: A

180°E

Figure 4. Map of Antarctica showing the locations of all lakes included in the current inventory. Colors/shapes indicate the
type of investigations undertaken at each site. Black/triangle: Radio echo sounding; yellow: seismic sounding; green: gravi-
tational field mapping; red/circle: surface height change measurement; square shape identified from ice surface feature.

Vostok Lake is shown in outline. After ref. [73].

The largest annual warming trend of 0.56°C/decade
during 1951-2000 has been reported for the western and
northern parts of the Antarctic Peninsula. The largest
warming of 5°C over 50 years has been reported at Ver-
nadksy station (former Faraday) (65°15'S, 64°16'W) dur-
ing winter season due to a decrease in winter sea ice over
Amundsen-Bellingshausen Sea and increase in ocean-to-
atmosphere heat fluxes in the winter [79,80]. The West
Antarctic warming has been attributed in part to warming
in the tropical Pacific Ocean and associated teleconnec-
tions [81,82] which are discussed in the next section. The
greatest warming during austral summer has occurred on
the eastern Peninsula, which is thought to be associated
with the enhancement of the circumpolar westerlies over
the Southern Ocean (SO), with the Southern Hemisphere
Annular Mode (SAM) switching over to its positive
phase since the mid-1970s [83]. Stronger winds have fa-
cilitated relatively warm, maritime air masses crossing
the Peninsula and reaching the low-lying ice shelves on
the eastern Peninsula, as well as the adiabatic descent
and warming of these winds crossing the Antarctic Pen-
insula topography [83]. There have been few statistically
significant changes in surface air temperature over the
last 50 years around the coastal Antarctica. However, a
statistically significant cooling in recent decades has been
reported for Amundsen-Scott Station (90°S, 0°) which is
thought to be a result of fewer maritime air masses pene-
trating into the interior of the continent. Reconstruction
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of temperatures over the past 200 years, based on eight
records distributed over the ice sheet, reveal a warming
of 0.2°C for the past century with no discernible trend [84].

Summertime warming on the eastern side of the Pen-
insula due to the factors aforementioned has played a
major role in the collapse of several ice sheets in this
region [85]. In early 1995, a smaller ice shelf area, called
the Larsen A, completely disintegrated during a single
storm after years of gradually shrinking. On 31st January,
2002, a 3250-square-kilometer section of the Larsen B
Ice Shelf rapidly disintegrated into many small fragments
in a 35-day period, releasing 500 billion tonnes of ice
into the SO (Figure 5). Since 1995, the Larsen Ice Shelf
has lost more than 75% of its former area in a series of
rapid disintegrations [86]. During March 2008, the Wil-
kins Ice Shelf in Antarctica retreated by more than 400
square kilometers. Overall in the Antarctic Peninsula, the
extent of seven ice shelves declined by a total of about
13,500 square kilometers since 1974. The total ice mass
loss for the six glaciers (Hektoria, Green, Evans, Crane,
Flask and Lepparde) that feed these ice shelves, exceeded
25 km’/yr and 27 km*/yr for Drygalski Glacier which is
located on the northeast tip of the Antarctic Peninsula
[87]. During the past 40 years the average summer air
temperatures of the northeast Peninsula has been 2.2°C.
It is the warmer air and water temperatures that cause an
increased melt on the ice shelf surface, forming ponds of
melt water. As the water trickles down through small
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Figure 5. Composite Landsat images with a depiction of
maximum ice extents of the Larsen B ice shelf between
January and March 2002, relative to the boundary in 1995.
Source: NASA.

cracks in the ice shelf, it deepens and erodes, and ex-
pands the cracks as it refreezes during the winter. In a
separate process, especially in the East Antarctica, warmer
ocean water melts the ice shelf from below, thinning it
and making it more vulnerable to cracking. Other than
these two processes, waning sea ice surrounding the Ant-
arctic Peninsula has also contributed to the recent col-
lapses. Sea ice provides a layer of protection between an
ice shelf and the surrounding ocean, muting the power of
large waves and storms. As sea ice decreases, more waves
buffet the ice shelves. The largest waves can buckle and
bend an ice shelf, increasing instability and possibly con-
tributing to its collapse. A decrease in the sea ice also
facilitates heat flow from atmosphere to open water thereby,
accelerating the thinning of ice sheet from below.

The breakup of other shelves in the Antarctic could
have a major effect on the rate of ice flow off the conti-
nent. Ice shelves act as braking system for glaciers. Fur-
ther, the shelves keep warmer marine air at a distance
from the glaciers; therefore, they moderate the amount of
melting that occurs on the glaciers’ surfaces. Once their
ice shelves are removed, the glaciers increase in speed
due to melt water percolation and/or a reduction of brak-
ing forces, and they may begin to dump more ice into the
ocean than they gather as snow in their catchments. Gla-
cier ice speed increases are already observed in peninsu-
lar areas where ice shelves disintegrated in prior years.
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The collapse of Antarctic ice shelves such as Larsen B on
the Antarctic Peninsula does not contribute directly to
sea-level change, as they are already floating. However,
their vanishing can cause previously dammed glaciers to
accelerate and contribute to the sea-level rise. As warm-
ing spreads south, the Larsen C ice shelf is beginning to
thin and may meet the same fate (Figure 5). Numerically
modeled changes of each of the world’s 300,000 glaciers
indicate that between 1902 and 2009, melting glaciers
contributed 11 c¢m to sea level rise and are expected to
contribute an additional 22 cm until 2100 [88].

Antarctic ice mass balance, which is critical in under-
standing the global climate and sea-level rise, has long
been a controversial topic because of difficulties in esti-
mating it due to lack of reliable data. Hence, space-borne
platforms have been used to monitor the state of glaciers.
Over the last 50 years, 87% of the 244 glaciers around
the coast of the peninsula had retreated and that the av-
erage retreat rates have accelerated [89]. The second major
area where change has been observed in the Thwaites
Glacier and Pine Island (West Antarctica) where the
largest discharge of 75 Gt/yr of ice into the SO have been
estimated. Different satellite-based techniques were used
to address the mass balance. Satellite altimeter observa-
tions which records elevation change have indicated a
major thinning of the ice sheet in the Pine Island region
[90] and the retreat of the grounding line by 5 km inland,
between 1992 and 1996, has been inferred from satellite
radar interferometry data [91]. Using the altimeter obser-
vations an ice mass rate for the whole continent has been
in the range of —5 to 85 Gt/yr for the period 1992-2003
[90]. Satellite altimeter measurements are limited by spa-
tial and temporal coverage and by uncertainties in snow
density. Using an improvised technology involving inter-
ferometric synthetic aperture radar (InSAR), Ref. [92]
pointed out that the Antarctic ice loss have increased by
75% from 1996 to 2006, with 196 + 92 Gt lost in 2006
alone. Further improvement in estimates were possible
by using advanced space-based monthly measurements
from the Gravity Recovery and Climate Experiment
(GRACE) which monitors changes in gravity—an indi-
cator of mass-change at with a spatial resolution of better
than a few hundred kilometers, exceeding the scale of
most glacial drainage basins. Using these observations
from 2002 to January 2009, Chen et al. [93] estimated a
significant ice loss of =132 = 26 Gt/yr for West Antarctic
Ice Sheet and —57 =+ 52 Gt/yr for East Antarctic Ice Sheet.
The largest ice loss of —110.1 Gt/yr was observed in the
Amundsen Sea Embayment, followed by the Antarctic
Peninsula at —38.1 Gt/yr with most (—28.6 Gt/yr) in its
northern part (Graham Land) and the rest (=9.5 Gt/yr)
from Alexander Island and nearby regions. The Wilkes
Land and Victoria Land had mass loss of —13.4 and
—13.1 Gt/yr, respectively. The coastal region in Queen
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Maud Land showed an ice loss of 6.5 Gt/yr.

6. Low-Latitude Teleconnections with
Antarctic Climate

Antarctica is dominantly influenced by remote forcing.
The pressure gradient between the higher pressure zone
(40°S - 45°S) and the low-pressure belt centered on 65° is
known as the Southern Annular Mode (SAM) or Antarc-
tic Oscillation (AAO). It varies on annual to inter-annual
time scales [94]. The SAM reflects north-south meanders
in the Southern Hemisphere eddy driven jet, and is strongly
related to fluctuations in surface winds and temperatures
throughout the high latitude Southern Hemisphere. When
the pressures increase at mid-latitudes and decrease at
high latitudes, the SAM index, which is the principal
mode of variability of the atmospheric circulation of the
high latitudes, is in positive phase, and the westerlies are
at their strongest. In SAM positive winters, mesocyc-
lones occur frequently through Drake Passage, whereas a
latitudinally split pattern is evident there in negative
SAM winters [95]. The SAM index fluctuates throughout
the year and from year to year. Over the last 50 years it
has shifted to its positive phase during the austral sum-
mer and autumn, intensifying the westerlies over the SO,
greater zonally-averaged sea-ice extent, cooling of most
of Antarctica except for the western Antarctic Peninsula.
In the latter location, the strong warming and reduced
sea-ice extent can be at least partly explained by more
frequent north-westerly winds connected to the strength-
ened SAM. Some modeling studies attribute the devel-
opment of a positive SAM in the austral summer in re-
cent years to strengthening of the ozone hole, while oth-
ers suggest that it is caused by greenhouse gas increases.
Alternatively, it may be a response to both types of forc-
ing.

The changes in the Antarctic sea-ice concentrations
based on the linear regression with the AAO index sug-
gest a wave-number 3 pattern, with a pronounced dipole
pattern between the eastern Ross/Amundsen Sea with
more sea ice and the Bellingshausen/northern Weddell
Sea with less sea ice [96]. These authors demonstrate that
with one positive unit of deviation change in the AAO,
the sea ice increases (decreases) by about 3% - 7% in the
eastern Ross/Amundsen Sea (the Bellingshausen/north-
ern Weddell Sea), which is consistent with the surface
cooling (warming) on the magnitude of about 0.5°C - 2°C
corresponding with the positive phases of the AAO. The
response of the Antarctic sea ice to the AAO is a cones-
quence of a combination of the anomalous mean surface
heat flux and ice advection which can be explained as
follows. During the high-index polarities of the AAO, an
anomalous strong cyclonic circulation in the southeast
Pacific leads to an anomalous equatorward (poleward)
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mean heat flux at the surface in the Ross/Amundsen Sea
(the Bellingshausen/Weddell Sea), which facilitates (lim-
its) sea ice growth. In the Ross/Amundsen sector, an
anomalous strong intensification of the surface westerlies
associated with the positive phases of the AAO induces
an enhanced Ekman drift to the north. The enhanced
northward Ekman drift transports cold water equatorward,
reducing the oceanic poleward heat transport. The en-
hanced northward Ekman drift also leads to enhanced
equatorward ice advection especially during the cold sea-
son because the ice is reduced to the Antarctic continents
in summer. The northward dispersion of ice decreases ice
thickness and provides more open water for new ice for-
mation in the southern Ross Sea. The newly formed ice is
then advected northward by the enhanced Ekman drift,
thereby increasing ice cover and thickness further north
(the northeast Ross Sea). There is also ice divergence
away from both sides of the Antarctic Peninsula (par-
ticularly the west side). The contribution of the strong
anomalous poleward mean surface heat flux and ice di-
vergence west of the Antarctic Peninsula explain why the
maximum warming associated with the positive AAO
index occurs there.

El Nifio-Southern Oscillation (ENSO) is the dominant
global-scale teleconnection, originating in ocean-air in-
teractions in the tropical Pacific [97]. The ENSO tele-
connection to high latitudes in the Southern Hemisphere
occurs primarily as a standing wave train of anomalies
that extends south-eastward through the Amundsen and
Bellingshausen seas, crosses the Antarctic Peninsula, and
projects into the south-west Atlantic; or Pacific-South
America pattern [98]. Instrumental records reveal that
ENSO warm events are associated with enhanced pre-
cipitation in West Antarctica. West Antarctic precipita-
tion was positively correlated with the Southern Oscilla-
tion Index (SOI), until about 1990, after which the two
became strongly anti-correlated. The decadal variability
of the high latitude ENSO teleconnection to the South
Pacific is governed by the phase of the SAM [99]. When
both are in the same phase (i.e., La Nifia occurring with
positive phases of the SAM and vice-versa), the telecom-
nection is amplified; the connection is much weaker
when these two modes are out of phase. During El Nifio
events (warm Pacific equator), which recur about every
four years, high air pressure, warm sea surface tempera-
ture and less sea ice often occur west of the Antarctic
Peninsula in the Pacific sector, while cold sea surface
temperature and more sea ice occur east of the Peninsula
in the Atlantic sector. It is also stormier east of the Pen-
insula than to the west. The opposite conditions apply
during intervening La Nifia events when equatorial Pa-
cific Ocean cools.

The variation in the Antarctic sea ice with one positive
unit of deviation change in the Nifio3 index suggest a
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wave-number 2 pattern, with an increase (decrease) of
sea ice in the eastern Ross/Amundsen Sea (the Belling-
shausen/Weddell Sea) of similar magnitude (3% - 7%)).
The mechanisms how the ENSO manifests itself in the
Antarctic sea ice can be elucidated as follows [96]. Dur-
ing El Niflo events, the intensification (relaxation) of the
Hadley Cell in the eastern equatorial Pacific (tropical
Atlantic) due to an increased (decreased) pole-to-equator
meridional temperature gradient leads to an equatorward
(poleward) shift of the subtropical jet. This results in an
equatorward (poleward) shift of the storm track in the
Ross/Amundsen Seas (the eastern Bellingshausen/Wed-
dell sector). The reduced (enhanced) storm activity in the
Ross/Amundsen sector (the eastern Bellingshausen/Wed-
dell sector) leads to a strengthening (weakening) of the
poleward segment of the regional Ferrel Cell and a weak-
ening (strengthening) of the equatorward regional Ferrel
Cell there, indirectly by changing the meridional eddy
heat flux convergence/divergence, and shifting the latent
heat release zone. The changes of the regional Ferrel Cell
cause anomalous southward (northward) mean merid-
ional heat flux into the sea ice zone in the Ross/Amund-
sen sector (the eastern Bellingshausen/Weddell sector),
which limits (encourages) sea ice growth there. Further-
more, a shift or change of tropical general circulation
related to the ENSO variability could perturb the regional
mean meridional circulation, thus communicating the
changes to high southern latitudes.

The switch of the SAM into more positive conditions
and the consequent strengthening of the circumpolar
vortex in the recent years is thought to provide arid con-
ditions over large parts of West Antarctica, the Ross Ice
Shelf and the Lambert Glacier region, and wetter condi-
tions elsewhere [100]. However, in situ measurement of
precipitation on the continent is very difficult, and much
of our knowledge of precipitation variability and change
has come from ice cores, from which it can be difficult to
determine seasonal change. A major study into changes
in Antarctic accumulation [101] concluded that there had
been no statistically significant change in accumulation
across the continent since the International Geophysical
Year. However, on longer timescales, and for limited
areas, there are indications of change. For example, a
new ice core from the south-west corner of the Antarctic
Peninsula has shown that there has been a doubling of
the accumulation in that region since about 1850 [102].

7. Future Climate Scenario

The coupled atmosphere-ocean climate models are main
tools to predict the scenario for the Antarctic region in
particular and the Earth in general for the next 100 years.
Great efforts are required to implement key physics re-
lated to sea ice, cryosphere-ocean-atmosphere interaction
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and polar stratospheric cloud forcing in the current cli-
mate models. The model projections of Antarctic climate
over the 21st century reported in the Ref. [103] can be
summarized below. The models were run with CO, dou-
ble that of the present atmosphere over the next century
(up to 2100). The variation expected of the key climate
parameters over Antarctica are as follows. Surface tem-
perature would increase by 0.24°C + 0.10°C per decade
in the sea ice zone. An overall decrease in sea ice area
would be expected (33% + 9%). An increase in the air
temperature by 0.34°C £ 0.10°C per decade over the inte-
rior of Antarctica and weakening of katabatic winds, par-
ticularly during the austral summer season.

Synoptic scale analysis of IPCC model results reveal
an increased cyclone activity and stronger zonal winds
due to enhanced positive SAM index during the 21st
century in Antarctica [104]. With the higher moisture-
holding capacity of the warmer atmosphere projected for
the 21st century, the models predicted an increase of Ant-
arctic precipitation that averages 0.42 + 0.01 mm/yr [1].
The increased snowfall on the floating ice shelves would
weighs them down, making them sink more heavily in
the water, while the snowfall on the landmass of Antarc-
tica would increase the elevation toward the interior of
the continent. This would result in a steep slope from
interior to the coast, thereby enhancing the speed of ice
flow up to three times from continent toward the sea,
raising the sea-level by 1.25 m in the year 2500, envis-
aging a warmest scenario [105].

In the scenario of stronger and positive SAM index,
enhancement of westerly winds over the SO is expected
to isolate Antarctica thereby, preventing penetration of
warm maritime air masses in the interior; so lesser warm-
ing in the interior of Antarctica is predicted. The extent
and thickness of Antarctic ice sheets are expected to im-
plore massive responses, similar to the retreat of North-
ern Hemisphere ice sheets. Potential impacts of threshold
effects on the ice sheet and sea ice extent could result in
massive restructuring of the cryosphere-ocean-atmosphere
system, triggering rapid climate change events, similar to
those experienced during last glacial and current inter-
glacial period.

Paleolimnological studies are also focused on changes
in lake salinity from which the atmospheric moisture
budget can be inferred and compared with the evidence
from Antarctic ice cores. Other studies are required to
track the origin and development of the lake biota and,
from this, inferences about the nature and direction of
environmental change could be inferred. Despite clear
signs of marked recent environmental changes over the
continent, we have only a limited perspective on how
Antarctic climate and environmental conditions have var-
ied in the past. As long-term monitoring programs in
high-latitude regions have only been established for the
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past several decades, paleolimnological methods will con-
tinue in developing our understanding of the past envi-
ronmental changes that will help us anticipate the mag-
nitude, nature, and direction of future change.

8. India’s Contribution to Antarctic
Research

India landed on Antarctica on 9th January 1982 and es-
tablished a base camp on the ice-shelf. In 1983-84, a per-
manent station Dakshin Gangotri (70 5'37"S, 12°E) was
established and commissioned on the ice shelf, off the
Princess Astrid coast in Central Dronning Maud Land.
India built a second permanent station Maitri (70°45'57"S,
11°44'09"E; 117 m above mean sea level) on Schirma-
cher Oasis situated on Queen Maud Land, East Antarc-
tica, during 1988-89, as the first research station got bur-
ied under ice. The Ministry of Earth Sciences (former
Department of Ocean Development), Government of India,
established on the 25th May 1998, the National Centre for
Antarctic and Ocean Research (NCAOR) to handle polar
research and logistic activities (http://www.ncaor.gov.in).
A third state-of-art Bharti station (69°24'28'S, 76°11'14"E;
43 m above mean sea level) was raised during 2011-12 at
unnamed promontory between Stornes and Broknes Pen-
insula in the Larsemann Hills. It is about 3000 km from
Schirmacher Oasis where station Maitri stands.

The Indian Antarctic program involves multi-institu-
tions and multidisciplinary researchers with broad themes
focused on the following topical areas: Meteorology and
Atmospheric Sciences, Earth Sciences and Glaciology,
Environment and Biological Sciences, Engineering and
Communication, Human Physiology and Medicine, and
Southern Ocean Oceanography. The Indian Meteorologi-
cal Department has established an uninterrupted data set
spanning more than three decades. The air temperature
during 1991-2010 indicated a cooling trend of —0.4°C/
decade. During the same period wind speed showed an
increasing trend of 0.27 kt/decade, with a decreasing
trend of —0.43 kt/decade during 2001-2010; the latter is
as a result of less cyclonic disturbances affecting Maitri
[106]. It has been shown that negative SAM index leads
warmer surface temperature in the central Dronning Maud
Land [106]. Measurements of ozone concentration using
Brewer Ozone Spectrophotometer showed that it varied
by 4% in during 2005-06 and 2006-07 summer period
[107].

Geomagnetospheric measurements consisting of at-
mospheric electricity parameters and their response to the
global thunderstorm activity and space weather events
have been carried at Maitri station. Though Maitri is at
the equatorial peripheral of the Auroral electrojet, during
the geomagnetic storm the station comes under the in-
fluence of the auroral electrojet which enables the field
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line currents to influence the upper space environment
[108]. Ref. [108] suggests the existence of correlation
between the atmospheric electrical parameters and geo-
magnetic activity. Indian geologists have mapped about
20,000 sq km of the area in central Dronning Maud land
on a 1:50,000 scale. Three geological maps of Schir-
macher Oasis, Wohlthat and Orvin Mountains and a geo-
morphological map of Schirmacher Oasis are published
(www.portal.gsi.gov.in). Monitoring of glacier snout and
the continental ice margin adjoining India Bay in Prin-
cess Astrid Coast, on a regular basis has revealed sig-
nificant retreat of the ice margin in the last two decades
[109].

Shallow ice coring (<100 m) has been conducted to
reconstruct the Antarctic paleoclimatic and environmental
conditions. The snow samples and ice core packed in
polythene containers and shipped in deep-freezers, which
are analysed at a state-of-art ice core repository-cum-
laboratory at NCAOR. Ice cores drilled from the conti-
nental ice, south of Maitri, has been analyzed to evaluate
the temporal changes in environmental characteristics
during past few centuries. Based on 6'°0 measurements
on a 30 m ice core raised from east Antarctica (70°47'S,
11°44'E), the mean annual surface air temperatures data
observed during the last 150 years indicates that the be-
ginning of the 19th century was cooler by about 2°C than
the recent past and the middle of 18th century [110]. Us-
ing '°Pb and ¢'*, the mean annual accumulation rates
were found to be 20 and 21 cm of ice equivalent per year,
respectively. An Analysis of a 62.2 m core from Central
Dronning Maud Land (70°51.3'S, 11°32.2'E) representing
last five centuries revealed non-sea salt sulfate aerosol
deposition during large volcanic eruption events like Mt
Pinatubo in 1991, Agung in 1963, Krakatau/Tarawera in
1883/1886, Tambora in 1815 and Huaynaputina in 1600
[111]. The nitrate profile reveals a systematic negative
shift since the mid-18th century, suggesting a possible
change in the zonal wind transport and an apparent solar
modulation of the same [112].

Around 125 new species of psychrophilic microbes
have been discovered of which India has contributed
around 20 new species [113-117]. Refs. [118,119] identi-
fied two new species of psychrophilic microbes chris-
tened as Arthobacter Gangotriensis and Planococcus Mait-
riensis after Indian station Dakshin Gangotri and Maitri,
respectively. Genomic studies indicated that the genes
involved in protein synthesis and amino acid metabolism
were found to be essential for the survival of the mi-
cro-organisms at temperatures below 10°C. These mi-
crobes are cultured to generate as enzymes or bio-mole-
cules with application in biotech industry, medicine and
agriculture. Indian Antarctic stations have provided a
platform for collaborative studies with some Antarctic
Treaty nations such as Germany, Italy, France, Poland

1JG



972 A.J. LUIS

and the USA. These stations have also facilitated scien-
tists from Malaysia, Columbia, Peru and Mauritius to
work in Antarctica.

9. Conclusions

Antarctica is a barometer of the Earth’s climate system
which records signatures of global climate change in-
duced by local (anthropogenic) and remote forcing. Ant-
arctic modern climate evolves through an interaction of
cryosphere-ocean-atmosphere system in response to past
and present climate forcing. Superimposed on the long-
term trend of post-glacial warming are millennial and
finer scale oscillations, for example, those associated
with the 11-year sunspot cycle.

In the last 50 years, the near-surface air temperature
has risen over the west of the Antarctic Peninsula, con-
comitant with an increase in sea surface temperature,
retreat of glaciers and the collapse of ice shelves around
the Antarctic Peninsula. The SAM index has switched
over to positive mode in the last five decades leading to
the intensification and southward shift of the westerlies
over the SO, and warming of the west Antarctica, mostly
the Antarctic Peninsula. On the other hand, cooling of the
stratosphere over Antarctica has enhanced the develop-
ment of polar stratospheric clouds thereby, intensifying
the ozone depletion. As for the ice loss, East Antarctica
is stable compared to the Antarctic Peninsula and West
Antarctica. The inhomogeneity of Antarctic climate in
space and time implies that recent Antarctic climate
changes are due on the one hand to a combination of
strong multidecadal variability and anthropogenic effects
and, as demonstrated by the paleoclimate record, on the
other hand to multidecadal to millennial scale and longer
natural variability forced through changes in orbital in-
solation, greenhouse gases, solar variability, ice dynamo-
ics, and aerosols.

The scenario of Antarctic climate changes in the 21st
century projects warming of the sea ice zone, reduction
in sea ice extent, warming of the Antarctic Plateau, and
increased precipitation in snow form. Climate models
needs to incorporate better atmospheric physics and gla-
cier dynamics to forecast the change at the regional level.
The retreat of the Antarctic ice sheet since the Last Gla-
cial Maximum could be significantly accelerated by global
warming. Ice sheet models are inadequately represented
with the mechanisms related to the effect of warming on
ice melt and subsequent sea level rise. Threshold effects
may have a significant impact on the ice sheet and sea ice
extent. During the last glacial and current interglacial,
such effects resulted in massive reorganizations of the
cryosphere-ocean-atmosphere system, leading to rapid
climate change events. Comprehensive satellite data re-
inforced by ground truth, and modeling of the ocean-
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ice-atmosphere system are needed to forecast and quan-
tify climate change with confidence on regional and global
scales.

Some recommendations for future studies are as fol-
lows: 1) Observational program for Antarctica should be
taken on a larger scale. A high accurate meteorological,
glaciological and environmental chemistry data are needed
for determining the trends and their statistical signifi-
cance. Automatic Weather Stations should be installed in
remote locations, especially in the Antarctic Plateau. 2)
With the available and now assemblage of time series
from several sources, it is necessary to maintain an ap-
propriate data archive, such that all of the existing data
(plus future data) can be easily accessed and utilized by
individual researchers and institutions. Provisions should
also be made so that data available in the future from
newer instrumentation and/or observing platforms can be
added to the archive with relative ease. 3) The variability
on different scales, ranging from monthly to seasonal to
annual to interannual to decadal, and spatial scales rang-
ing from individual locations to regional areas to zonal
belts to planetary dimensions, needs to be fully docu-
mented. In this regard, further work is needed on under-
standing and modeling the effects of variations due to
solar irradiance changes, volcanic eruptions, Indian Ocean
Dipole, ENSO, quasi-biennial zonal wind oscillation in
order to improve upon the estimates of natural variability,
such that trends detection and in particular their attribu-
tion to anthropogenic causes.

Circulation model experiments on global scale are
needed to explore further the dynamical effects influenc-
ing the temperature structure of the stratosphere (e.g.,
responses to greenhouse gas increases which lead to a
change in the tropospheric equator-to-pole heating gra-
dient and planetary wave propagation) and to what extent
they can alter the stratospheric circulation. Such studies
should continue to make comparisons with appropriate
diagnostics of up-to-date observations so that the influ-
ences on circulation can be accurately quantified. 4) The
biodiversity has significant gradients which can be de-
fined on the basis of latitude, altitude and depth. The
distribution patterns and biodiversity in the terrestrial and
marine ecosystems of Antarctica are governed by tem-
perature, water, ice cover, oxygen and light, respectively.
The alien invaders among animals comprise bryozoans,
barnacles, polychaete worms, hydroids, crabs and mol-
lusks, whereas grasses such as Avena, Plantago and Poa
have been reported as alien plants from Marion Island.
An estimated 18 vascular plants have taken root in Ant-
arctica as a result of human activities. There is need for
an internationally coordinated programme to map the
alien species promoted by visitors, the impact of ultra-
violet-B induced changes on flora and fauna, and predict
the consequences arising out of global changes such as
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increasing atmospheric carbon dioxide and surface warm-
ing on earth’s biosphere.
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