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Study of ice core proxy records provide one of the most direct and accurate method to sundigrtiie climate change

beyond the instrumental limits. Understanding&htarctic climate variability on millennial, centennial to decadal level is

crucial to our knowledge on the role and respongatarctic ice sheets to the global climate variabilitye Indian ice core

studies have made significant contributions to the understandigtarfctic climate variability and the various factors
involved.The proxy environmental parameters used include temporal variability of stable isotopes, trace metal,chemistry
ionic composition, dust particulates, and microbial components that are indicators of environmental change in the coastal
Antarctica. Ice core proxy based reconstruction revealed significant changes in Southern Hemispheric climate during the
past several hundreds of years. The study also revealed the utility of shallow ice cores in reconstructing the past changes
in major climatic modes like the El Nifio Southern Oscillation (ENSO) and Southatriar Mode (SAM).
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Introduction periods of observational and instrumental data.

The Antarctic climate system fluctuates widely on The north-to-south distribution of surface
sub-annual to millennial time scales, in tandem with pressure arounéintarctica is subject to remarkable
the global climate system. Since the time-seriesvariability in the intensity of the meridional pressure
observations of climatic parameters were initiated only gradient and its zonal location. Due to the circumpolar
from the International Geophysicétar (1957-58),  nature of this variation, itis called the Southfmnular
most of the instrumental recordsfoftarctic climate Mode (SAM), which is the principal mode of
are only some decades old. Based on the availablevariability in the atmospheric circulation of the southern
time series dat#ntarctica seems to have ungene extratropics and high latitudes (sEenberth et aj
complex and significant temperature changes in recen007). The SAM has a zonally symmetric or annular
decades (Urneret al, 2005 & 2006)While the structure, with synchronous anomalies of opposite sign
largest annual warming trends are found on thein high latitudes and midlatitudes (Lefebwatal,
western and northern parts of ftarctic Peninsula  2004). The EIl Nifio Southern Oscillation (ENSO) on
(e.g., +0.56C per decade at Faradagtviadsky  the other hand, is the farthest reaching climatic cycle
station), many stations in Ea&ntarctica and on Earth on decadal and sub-decadal time scales,
Amundsen-Scott Station at the South Pole in particularaffecting even the Southern Hemisphere (see
has shown a small cooling in the annual meanBromwich et al., 2000). The ENSO signals can be
temperature of —-0.0&8 per decade (irneret al, identified in the physical and biological environment
2009). Notwithstanding these studies to understandof the Antarctic, although some of the links are not
the climate change iAntarctica, the spatial and very robust and there can be large differences in the
temporal complexity ofAntarctic climate are still  extra-tropical response to near-identical events in the
poorly understood because of the limited and shorttropics (sed@urner 2004).
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Analysis of ice core records offer one of the The ice core proxy based studies at revealed
most direct and accurate method to studwytitarctic significant changes ivntarctic cryosphere and
climate change beyond the instrumental limits Southern Hemispheric climate during the past several
(Schneideet al, 2006; Mayewsket al, 2009). Ice hundreds of years (Laluref al, 2009, 201 & 2014;
core records from polar regions present continuousNaik et al, 2010 a & biThambaret al, 2011a &b,
and highly resolved long-term records of reliable 2013; AGES 2k Consortium, 2013; Rahanetral,
information on major atmospheric parameters like 2016).
temperature, composition and trace gasemng the _ o .
various proxy variables used, the stable isotope ratiod@laeo-environmental Variability During the Past
of oxygen §180) and hydrogentD) offer the most ~ Five Centuries

critipal informa_tion on the_past char_lges in temperature'High-magnification SEM-EDS study of micro-
Owing to the differences in saturation vapour Pressurena ricles in the ice core of the2AE core revealed

and molecular ditisivity, isotopic fractionation takes  y,,; these particles are mostly derived from volcanic
place at each phase change of atmospheric wategrtions relating to some of the major volcanic events.
(Dansgaard, 1964). Since the heavy isotopes ingy,jies also revealed that the tephra accreted during
precipitation decrease with the temperature of the Agung (1963) and Krakatau (1883) eruptions
condensation, stable isotope ratios in ice cores providg, 5 hored microbial cells (both coocoid and rods),

quantitative proxy records of past temperature. g ,qqesting that volcanic ash particles could provide a
However factors such as temperature of the sourcegjgnificant micro-niche for microbes and nanobes in
from which moisture evaporated, subsequent cyclesy,o accreted ice (Laluraj et al., 2009). Microbiological

of condensation and evaporation, change in Moisturéyy gies of polar ice at different depths of the above
source region and seasonality of precipitation makej.a core also provided an important comparison, as

the interpretation of temperature from water |:sotopesthey preserve records of microbial cells and past

difficult (Jouzelet al., 2003). climate conditions (Antongt al, 2012). The bacteria
identified from the different depth of the ice core might
have been transported and deposited into ice along
During 2008-2016, several ice cores have beenwith dust particles and marine aerosols.

studied. The ice core drilling was carried out using an The ni N file of the IND-22/B4
electromechanical drill system (GesE Ltd, Japan; € nltlrate ( _Q) profile of the )
core, which is considered to be a proxy for the zonal

Model: Type D-2) during the austral summerhe : i
retrieved ice cores (upto 101 m deep; diameter 1owmd pattern oveAntarctica, revealed synchronous

cm) were cold-shipped and archived at the NCAOR changes in nitrate concentration with records of solar

cold room facility (—20C), until further processing in activity, s_howmg rela'tlvely enhanced ”'”"’?t.e
the laboratory Processing of the ice core samples concentration during periods of reduced solar activity

were carried out at the ice core processing facility atll\i/ll(e thde Dsll_to_n Minim;&(}(?;i();SiﬁD) an dd
NCAOR. The ice core samples were first sub- aunder Minimum (~ ) )- The study

sampled using custom-made bandsaw machines apuggest that the nitrogen species produced through
the cold room (-1%C) processing facility processes such as solar activijgt associated with

o .
Subsequentlythe selected samples were manually nssSQ ions, get_ transported, deposited and
decontaminated by removing the outer layer using preserved preferentially during very low temperature

microtome blades. Prior to analyses, samples werecond'tIon inAntarctica (Lalurajet al, 2011). The

thawed at room temperature in a Class 100 Clear{esults revealed that multiple processes influenced its
room. Stable isotope ratios of the ice core samples?lccumé"at'or_‘ ancd: prelsgrvathrrl ?]f nltraé%hwczt
were measured following standard methods using anin€ study region. Correlation with t € nsg>tecoras
‘lsoprime’ (GV instruments) Isotope Ratio Mass reveal that sulphate aerosols of major volcanic
Spectrometer (Nailet al, 2010 a). While two ice eruptions activated the production of nitric acid,
cores were extensively studied and published duringthereaﬁer scavenged by ion-induced nucleation and

this period, data from other cores under analysis anc{)ransported to polar ice sheets. The correlation
interpretation. etween the nitrate avdfO records further suggest

Results and Discussion
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a close link with the surface air temperatures, with central equatorial Pacific thustralia, South Pacific
lower temperature leading to higher nitrate preservednearAntarctica, SouttAmerica and then bending

in the ice. Nitrate records preserved in the ice corenorthwards toward&frica (Turner 2004). During the
appears to be influenced by production rates,ENSO events, the PSA pattern gives rise to
processes in the atmosphere, as well as thegeopotential height anomalies over thaundsen-
temperature at the site of precipitation (Lal@tzl, Bellingshausen seas and t&ddell Sea region.
201). Studies have revealed that the Southammular
Mode (SAM) significantly influences th&ntarctic
climate (Kwok and Comiso, 2002). The SAM, a
hemisphere-wide atmospheric pattern, contributes to
~35% of variance in sea level pressure or geopotential
height on a large range of time scales (Marshall, 2003).
.b; Thambalr;at al, 201 a &b & 2013).The oxygen Several studies emphasised the crucial role of SAM
isotope _O)_r_ecords of thg IND-22/B4 COT€ " 5n the recent climate changes acrossAthiarctic
supported significant changes in temperature durlngcontinent. Over the last 50 years, the SAM has shifted

ge;(():d? of iolar actng%as well a v_varmmg trr(]end Ofd more into its positive phase with decreases of surface
' or the past years, with an enhance pressure over th&ntarctic and corresponding

warming during the last several decades (Thamban, . eases at mid-latitudes (Marshall, 2003). The
et a_I.,_20]1 .& 2013):The SAT_rec_ord of !ND'25/B5 positive trend in the SAM seems to have resulted in a
exh|b|_ted high amplitude os_C|IIat|ons, with an average strengthening of the circumpolar westerlies and
warming of RC for the entire century (1905-2005) ., ipted to the spatial variability #ntarctic
with a trend 0f0.1°C/10 yearsHowever the data temperature change (Kwok and Comiso, 2002;
revgaled greatly en_hanced warming trend diC-3 Marshall, 2007). Most importantfhENSO is also
during 1930-2005, with a warming of ~8#10years.  ynqyyn 10 afect the SAM in a highly non-linear way

Sased ?[n tthg t?]V?"aE_IIe [[?]strumetntal da(;a, 'tt;’]" aSThe two forcings can combine, partially offset or even
emonstrate at while the western and northerny,p-hce their influence on each other and the Southern

parts of theAntarctic Peninsula is significantly Hemisphere as a whole (Gregory and Noone, 2008;
warming, the Eagtntarctica in general and the South ..o+ 21 2009 Turneret al 2009) ' '

Pole in particular has shown a small coolingr(ier
etal, 2005 & 2006)Analysis of instrumental records A detailed study was conducted on the regional
from the coastal Eagtntarctic ‘Novo’ station also  atmospheric circulation changes associated with a
indicate a warming for the last ~50 years with similar reversal in the sign of the relationship between the
temperature trend as found in the IND-25/B5 ice core SAM and near-surface temperatures in coastal parts
(Naik et al, 2010 b). Further support for such a of EastAntarctica based on instrumental data from
warming derive from another coastal ice core from Halley station as well as an ice core from coastal
DML, which estimates a positive trend of the order Dronning Maud Land (Marshadit al, 2009). The
of 0.12%./decade for a similar time period (Divete  study revealed that the key factor affecting the
al., 2009). Therefore, both the instrumental data asregional SAM-temperature relationship is the relative
well as the proxy records confirms a significant magnitude of two climatological low pressure centres
warming during the past century at coastal DML to the west and east of the area, which determines
region. the source region of air masses advected into the
_ _ o _ locality. By integrating the proxy temperature data
Antarctic Climate Variability and Its Linkagesto  ysing ice cores and various proxy records across seven
SAM and ENSO continental-scale regions, a global study revealed an

The EI Nifio-Southern Oscillation (ENSO) is linked overall cooling trend across nearly all continents during
to theAntarctic system through the Pacific South the last two thousand years\BES 2k Consortium,

American pattern (PSA), which represents a series2013). This cooling trend was reversed by distinct

of positive and negative geopotential height anomaliesVa'ming, beginning in some regions at the end of the

initiated from tropical convection and extending from

Application of thet'®O-T spatial slope (1.31%o/
°C) to thed80 profiles of IND-25/B5 and IND-24/
B4 cores facilitated the estimation of surface air
temperature in the study area (Natkal,, 2010 a &

19" century This cooling trend was reversed by
distinct warming, beginning in some regions at the
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end of the 19th century temporal changes ii180 values at the core site.

In order to assess the temporal isotopic variability The dust record of IND-25/B5 ice core showed
of ice cores as high-resolution quantitative proxy that dust deposition in Ea&ntarctica followed the
record of air temperatures and its relation to the Southern Hemispheric climate change and doubled
southern hemispheric climatic modes, an ultra-high- during the 28 century (Laluragt al, 2014). Strong
resolution (>12 samples per year) ice core record wagositive correlation observed between dust flux and
analyzed in relation to instrumental records (Naik  the SAM suggests that the positive values of the SAM
al., 2010 a & b). Comparison of the ice cét€O index are likely to be responsible for the recent
record with the reconstructed index of SAM for the increase in dust deposition over EAsttarctica,
period 1905 to 2005 was made after a 4-year lowthrough strengthening of westerly winds. The NCEP/
pass filtering of both data. Such a filtering could take NCAR reanalysis data reveals that the polar easterlies
care of the well known 4-5 yr variability within the consistently strengthened since 1985 at the study
SAM data (Thompson arWlallace,2000) Although region, leading to the sinking of dust materials brought
the correlations are low%r —0.01; p = 0.1), it is by the stronger westerlies. Interestinglye timing
negative with high SAM corresponding to lovi&tO and amplitude of the insoluble dust flux matched
and vice versa (Naikt al, 2010 a). This suggests remarkably well with the trace metal fluxes of Ba,
that higher polarity of SAM corresponds to lower Cr, Cu, and Zn, confirming that dust was the main
temperatures and vice versa. This is a component otarrier of airborne geochemical tracers to East
the opposite relationship driven by SAM on surface Antarctica in the recent past (Lalumj al, 2014).
air temperature over the wesitarctica (Gregory  The observed doubling of dust and associated trace
and Noone, 2008) and edsttarctica. SAM is also  metal deposition in Eaéntarctica have wide-ranging
known to play an important role in driving decadal implications for understanding the factors driving the
temperature changes in the Southern Hemisplere. inter-continental transportation of impurities and their
running decadal correlation between the anotial environmental impact oAntarctica. These results
and SAM records also indicated an overall negative have far-reaching implications for understanding the
relationship, with certain periods (1918-1927; 1938- changes in temperature and dust levels and their
1947; and 1989-2005) showing absence of correlationdmpact on climate both in the recent past and future.

or even weak positive relationships (Natkal, 2010 ) . .
b) P ps ( High resolution study of deuterium excess (d-

excess), sea-salt sodium (ss*Nand methane

Relationships between the surface air sulfonic acid (MSA) in the ice core IND-25/B5 from
temperature, SAM and ENSO in the study region coastal Dronning Maud Land also revealed the history
were established using the ice core anfitfal data, of moisture transport and sea ice condition during the
the reconstructed SOI as well as the SAM indices.last century (Rahamaet al, 2016). Sea ice extent
The analysis showed that for the period wherein the(SIE) in theWeddell Sea was reconstructed based
6180 and SAM relationship was insignificant or onAntarctic ice core records of stable oxyg&i),
positive (1918-1927; 1938-1947 and 1989-2005), thehydrogen §D) isotopes and sea-salt-Na&mong
relationships between the SOl and SAM are also in-them, ss-Na+ flux record shows significant positive
phase (Nailet al, 2010 b). Interestinglythe above  relationship with winter SIE in thgveddell Sea.
periods (1918-1927; 1938-1947 and 1989-2005) Wavelet analysis of SAM index and SOI shows the
incorporate several El Nifio and La Nifia years. Whenhighest common power in 4-8 year band during 1940-
the years of El Nifio and La Nifia events are omitted 1960 and 1990-2000 overlapping with the period of
from the records, the relationship between the filteredhigher SIE. This shows large variability during the
d'®0 and SAM data became statistically significant last century (1905-200%D) which impacted moisture
(r’=-0.2; p = 0.02), suggesting that ENSO eventstransport from various oceanic sectordmtarctica.
weakens the SAM-temperature relationship during Cluster of backward wind trajectories shows that air
these periods (Nai&t al, 2010 b). The results thus parcels were mainly originated from feddell Sea
reveals that during the past centuilye combined  with additional sources from the Ross Sea and the
influence of ENSO-SAM modes have controlled the Bellingshausen-Amundsen Sea regions. Dramatic
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increase in SIE was observed in Weddell Sea  temperatures revealed significant warming during the
sector during 1940-1980. This study suggests thatpast five centuries. The study also revealed the utility
moisture source and sea ice variability in annual- of shallow ice cores in reconstructing the past changes
decadal scale iAntarctica seems to be @aly in major climatic modes like the El Nifio Southern
influenced by SAM and its teleconnection to ENSO. Oscillation (ENSO) and Southednnular Mode
Further the multifaceted scientific studies being (SAM).

carried out by Indian scientists in the realm of ice
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