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Abstract 

Antarctic ice sheet is one of the most critical climate archives. The ice core records 

retrieved from the ice sheet plays a critical role in understanding the past climate on an 

annual to decadal timescale. Major climatic oscillations like El Niño Southern 

Oscillation (ENSO), Pacific Decadal Oscillation (PDO), Interdecadal Pacific 

Oscillation (IPO) and their phase relation with the Southern Annular Mode (SAM) 

largely control Antarctic climate variability. However, the relative roles of these climate 

modes remain elusive, particularly in the backdrop of global warming. To investigate 

the role of these climate modes in the Antarctic temperature variability, this study used 

a well-dated and annually resolved new ice core (IND33) collected as part of the Indian 

Scientific Expedition to Antarctica along with published ice core records (DML07, 

DML05, and DML17) of stable water isotopes (18O, D) for the past two centuries 

(1809–2013 CE) from Dronning Maud Land (DML) in East Antarctica. The Principal 

Component Analysis (PCA) performed on the ice core records of the DML region 

unveils that the first principal component explaining the maximum variability (∼32%) 

in δ18O records is related to late spring to summer (Nov–Dec–Jan) temperature rather 

than the mean annual temperature. This indicates that reconstructed annual temperature 

based on Antarctic ice core δ18O records in the DML region could be biased toward the 

temperature of the months/seasons of higher precipitation with low-moderate wind 

speed, which are suitable for better preservation of the ice core signals. This study 

reconstructed the DML temperature record of the past two centuries (1809–2019 CE) 

at an annual resolution based on the δ18O ice core record (1809–1993 CE) combined 

with the recent ERA5 surface air temperature record (1994–2019 CE). The 

reconstructed temperature anomaly record reveals a significant cooling trend in the 19th 

century during 1809–1907 CE at a rate of −0.164 ± 0.045°C decade−1 followed by a 
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warming trend from the mid-20th to early 21st century (1942–2019 CE) at a rate of 

+0.452 ± 0.056°C decade−1. This long-term warming trend since the 1940s coincides 

with the increase in ENSO events and its strong anti-phase relation with SAM, 

suggesting an increasing influence of SAM–ENSO coupling in modulating the DML 

temperature in recent decades. 

Sea ice around the Antarctic continent is a critical component other than 

temperature, which regulates the global ocean-climate system. The Sea Ice 

Concentration (SIC) records of various oceanic sectors of Antarctica available since 

1979 reveal dramatic changes in recent years; however, there is no consensus yet on its 

drivers of changes and their future projections. The lack of long-term SIC records has 

impeded the quantification of sea ice variability, trends, and various forcing factors and 

mechanisms. This study found that the second principal component, PC2, which 

elucidates (∼27%) variability in the 18O, is related to the SIC in the proximal oceanic 

sector of the DML region. Therefore, an attempt has been made to reconstruct a long-

term SIC record (1809−1993 CE) for the Western Indian Ocean Sector (WIOS) of 

Antarctica based on the PC2 variability derived from the δ18O ice core record. This 

long-term SIC record reveals a significant decline during 1830–1884 CE with a rate of 

0.58% ± 0.12% decade−1, followed by a moderate increase during 1927–1993 CE with 

a rate of 0.24% ± 0.11% decade−1. Modern satellite-derived SIC records reveal an 

unprecedented increase of 2.59 ± 0.86% decade−1 during 1994–2014 CE over the last 

two centuries as determined by the ice core-derived SIC record. The combined satellite 

and ice core based SIC record (1809−2019 CE) also reveals a significant increase in 

interannual variability at the ENSO band and decadal variability at the PDO band (16–

32 years) in the last few decades. This investigation suggests that wind-driven sea-ice 

dynamics associated with switching phases of SAM and remote teleconnections of 
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Pacific oscillations largely control the interannual to decadal sea ice variability in this 

region.  

The Sea Surface Temperature (SST) is another important factor that 

significantly influences sea ice variability. SST in the Southern Ocean is a crucial 

climate parameter to understand the impact of recent climate change on the Antarctic 

cryosphere region. In the absence of high-resolution long-records of SST from the 

Southern Ocean, several hypotheses related to Southern Ocean warming in recent 

decades and its impact on the cryosphere region still need to be tested. This study 

reconstructed a long-term SST record (1809−2013 CE) of the Western Indian Ocean 

sector of Antarctica (WIOS) using an annually resolved deuterium excess (d-excess) 

record of a 101.4m long ice core (IND-33). The spatial correlation between d-excess 

and ERA-5 SST anomaly records during 1979−2013 CE clearly shows that ice core d-

excess records in the coastal DML region are primarily related to past SST variability 

in the WIOS region. A similar correlation was also observed between an isotope enabled 

atmospheric general circulation model (ECHAM5-wiso) derived d-excess and SST 

variation over this region. This study found that d-excess and SST are strongly 

correlated and stable over a long period; thus, d-excess records can be used to 

reconstruct long-term (1809−2013 CE) annual SST anomaly records for the WIOS 

region. The reconstructed SST anomaly (SSTA) record during 1809−2013 CE, 

combined with the available ERA-5 data, shows a slightly increasing trend (+0.004  

0.001°C decade-1) during 1809−1969 CE. However, a significant declining trend in SST 

anomaly (−0.028  0.009°C decade-1) is found during 1981−2014 CE. The investigation 

of the reconstructed SST reveals a dominant cyclicity of 40 years throughout the record 

suggesting a dominant influence of Pacific Decadal Oscillation (PDO) in variability at 
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the decadal scale over the WIOS region. However, a recent decline in SST anomaly 

over the WIOS region reveals a strong anti-phase relation with SAM index during 

1979−2015 CE. Such a relationship suggests that the recent decline in SST anomaly is 

related to the accumulation of wind-derived sea ice concentration over the WIOS region 

during the positive shift in SAM. 

Additionally, this study investigated the spatial variability of triple oxygen and 

hydrogen isotopes in the DML region of East Antarctica. Surface snow transects derived 

from stable isotopes showed similar isotopic variation to that observed in the ECHAM5-

wiso model-derived isotopic record. Surface snow cores and model output suggest a 

decrease in heavier isotopes as precipitation events along the coast fractionate heavier 

isotopes. A rapid decline in temperature with elevation and continentality causes 18O 

and D to decrease monotonically in the mountain region. High-precision triple oxygen 

isotope measurements have enabled the derivation of 17O-excess, a novel proxy, which 

is strongly controlled by relative humidity. The 17O-excess from surface snow shows a 

decreasing trend while moving from coast to inland and is inversely correlated with 

relative humidity. The relative humidity is an essential atmospheric component that 

modulates the Antarctic precipitation, sea ice variability, and ice sheet mass balance. 

Therefore, an attempt has been made to reconstruct the relative humidity based on the 

17O-excess ice core record. The reconstructed relative humidity shows the influence of 

interannual-decadal climate variabilities such as ENSO and IPO. However, the SAM 

has a more significant role in controlling wind-related variability in the relative 

humidity of the DML region. A positive SAM results in the strengthening of westerly 

wind and a reduction in relative humidity. This doctoral thesis uses novel and traditional 

proxy records of ice core from Antarctica, thus providing an excellent insight into the 
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past changes in East Antarctic climate, sea ice, sea surface temperature, and their 

modulation by various climate modes and oscillations. 

Keywords: Antarctica, ice core, 18O, d-excess, 17
O-excess, surface air 

temperature, Sea ice, sea surface temperature, relative humidity, ENSO, PDO, 

IPO, SAM. 
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Chapter 1 

Introduction  
Since the industrial revolution (1850 CE), global temperature has increased by ∼0.6-

0.8 C. Further, the model projections predict another ∼2 – 3 C increase in global 

temperature by the end of this century, which will severely adversely impact the global 

climate (IPCC, 2013). It is now well established that the anthropogenic release of 

greenhouse gases from burning fossil fuels is one of the major factors responsible for 

recent climate change (Leduc et al., 2016; Overpeck and Cole, 2006). However, it is 

still not very clear what are the tipping points in global climate related to such dramatic 

changes. Therefore, it is important to understand the causes and mechanisms of Earth’s 

climate variations in the past and use this knowledge to improve the uncertainties in the 

model projections and better plan climate mitigation. One of the best archives to study 

the past climate is the Antarctic ice sheet which directly preserves the climate records 

of the past several thousands of years (Etheridge et al., 1996; Lüthi et al., 2008; Yan et 

al., 2019).    

1.1 Antarctic ice sheet- Earth's climate archive 

Antarctica is the southernmost and most remote continent on the planet Earth. It serves 

as a natural laboratory due to its pristine nature and minimal anthropogenic influence. 

Antarctica covers an area of about four times the size of India, with 98% of the land 

covered by thick ice sheets. The continent can be broadly divided into East, and West 

Antarctica, separated by a mountain range called the Trans-Antarctic Mountain range 

stretching between the Weddell Sea and the Ross Sea (Figure.1.1). The Antarctic ice 

sheet is divided into three parts: the East Antarctic Ice Sheet (EAIS), the West Antarctic 
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Ice Sheet (WAIS), and the Antarctic Peninsula Ice Sheet (APIS). Each of these ice 

sheets has its unique characteristics. The WAIS is grounded well below sea level and 

therefore considered the Marine Ice Sheet. Warm ocean waters threaten to melt the 

WAIS at its base because the West Antarctic Ice Sheet (WAIS) is in a region of rapid 

warming. This rapid warming is a significant threat to WAIS stability and would raise 

sea levels by 3.3 m if it melted utterly (Bamber et al., 2009). However, the EAIS has a 

much higher potential to contribute to the global sea level rise; if melted completely, it 

would raise the global sea level by 53m (Fretwell et al., 2013). The result of the 

combined satellite observations and modeling of Antarctic surface mass balance has 

reported a mass loss of 2,720 ± 1,390 billion tonnes between 1992 and 2017, 

corresponding to an increase of 7.6 ± 3.9 millimeters in mean sea level (Figure 1.2) 

(Shepherd et al., 2018). 

 

Figure 1.1. Map of Antarctica with ice surface elevation.  
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The map and the ice surface elevation model show the primary division of the Antarctic 

ice sheet Bamber et al. (2009). The map was created with QGIS 2.18.7 using 

Quantarctica (version 3.2).  

 

Figure 1.2. Cumulative ice sheet mass change and contribution to sea level. 

Mass change in the Antarctic Ice sheet and its corresponding contribution to global sea 

level change (Shepherd et al., 2018). 

The Antarctic ice sheet is considered one of the essential natural climate 

archives, preserving past climate information. Due to the extreme coldness of the 

continent, any snowfall on this continent gets accumulated and preserved. In the event 

of continuous snowfall on ice sheets, previous years' snowfall is compacted due to the 

increasing load above. The annual mean surface temperatures of the Antarctic remain 

below freezing, which means that the yearly snow cannot complete its ablation cycle. 

Thus, the snow accumulation history remains uninterrupted in the ice sheet. If we drill 

and recover an ice core at such places, the ice core can be used as the time machine that 

allows us to investigate past climate. The ice cores are usually retrieved by drilling 

vertically downwards into an ice sheet using an electro-mechanical drilling system. 
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There has been substantial advancement in drilling technologies, ice-sheet analysis, and 

understanding of the records preserved within polar ice sheets after the first effort to 

analyze polar ice over 90 years ago (Sorge, 1933). As part of further improvement in 

ice core drilling techniques, a Norwegian-British-Swedish collaborative team 

successfully drilled a 100 m ice core in Queen Maud Land, Antarctica (Schytt, 1954; 

Swithinbank, 1957). The first deep Antarctic ice core was recovered from the lake 

Vostok site in East Antarctica after about twelve years of effort. The Leningrad Mining 

Institute conducted the drilling operation and retrieved a 3623 m long ice core spanning 

420 kyr (Petit et al., 1999). These successful efforts led to the formation of the EPICA 

(European Project for Ice Coring in Antarctica) consortium, which used a collaborative 

approach to deep ice drilling (Jouzel, 2013). Afterward, several ice cores were retrieved 

from different regions of Antarctica; however, most available records are at decadal to 

multi-decadal temporal resolution. Due to extremely low snow accumulation rates in 

inland Antarctica, most of the deep ice cores collected from the polar plateau cannot 

provide annually resolved climate records. The long-term ice core records comparable 

to the instrumental records on an annual to seasonal scale are very limited in numbers, 

except in a few coastal Antarctic sites, where high accumulation exists. 

1.2 Antarctica in a Changing Climate 

The impact of recent climate change on Antarctica is poorly understood due to 

a lack of long-term high-resolution climate records. Instrumental temperature records 

with a reasonable spatial coverage scale have been available only since 1958 (Nicolas 

and Bromwich, 2014). The resolution of continuous Spatio-temporal records of 

Antarctic climate has been known since the beginning of the satellite era in 1979s. 

However, these climate records are too short to discern long-term trends and variability 

at the decadal to multi-decadal scale (Turner et al., 2005). The Antarctic ice core 
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provides high-resolution climate records beyond instrumental records. Since the 1950s, 

several deep ice cores have been retrieved from Antarctica to reconstruct past climate 

records to understand climate variability and long-term changes at various time scales. 

In a recent study, Stenni et al. (2017) compiled stable isotope water records from 112 

Antarctic ice cores with a temporal coverage of the past 2000 years. However, most ice 

cores were selected from higher elevation sites with lower accumulation rates, 

providing a relatively long-term climate record. 

 The coastal regions of Antarctica typically receive significantly higher 

precipitation than the interior plateau and, therefore, are ideal for assessing the annual 

to decadal climate variability (Curran et al., 2003; Goursaud et al., 2019; Turner et al., 

2019). Coastal ice cores from Antarctica are sensitive enough to register even short-

term fluctuations and changes in climate parameters such as accumulation, temperature, 

sea ice, dust influx, solar activity, and volcanic events (Abram et al., 2013; Laluraj et 

al., 2020; Laluraj et al., 2011; Masson-Delmotte et al., 2008; Mulvaney et al., 2012; 

Rahaman et al., 2016; Schneider et al., 2004; Thamban et al., 2010). 

1.3 Proxy climate records from Antarctic ice cores 

Precipitation in the form of snow deposited on the surface of an ice sheet records 

past climatic conditions and atmospheric composition, which are gradually compacted 

with a growing load of snow over time. Information regarding past climate is stored in 

chemical species present in surface snow, trapped gas bubbles in ice matrix, and stable 

water isotope composition of the snow. Analyzing these high-resolution chemical, 

stable isotope, and trapped gas records provides a detailed reconstruction of the past 

climate. These records illustrate the climatic changes on a local, regional, and global 

scale. While the gas records provide a direct reconstruction of past atmospheric 
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concentration, its chemical and isotopic compositions are essentially proxy records of 

climate. This study focused mainly on the stable isotopic record and chemical ions from 

ice cores from coastal Antarctica. A brief overview of a few of the proxies used in this 

thesis is given below. 

1.3.1 Stable Water Isotopes and Precipitation 

The stable isotopic composition of Antarctic snow and ice samples is commonly 

used to decipher past environmental conditions. After Dansgaard (1964) quantified the 

stable isotopic fractionation of rainwater during the evaporation-condensation process, 

this technique became the most valuable proxy for reconstructing past climate. Isotopic 

ratios of oxygen and hydrogen are strongly correlated with mean annual surface 

temperature according to the isotope-temperature relationship derived from Dansgaard 

(1964). Additionally, the stable isotope record of the Antarctic ice cores shows a strong 

seasonality effect due to the different precipitation types during the two seasons. This 

seasonality in the stable water isotopes enables us to date the ice core records by 

counting the annual layers (Eichler et al., 2000). Therefore, in the present study, stable 

water isotopes are used to establish both the ice core chronology and to reconstruct the 

past climate record. 

However, due to the extremely minimal variation in isotopic ratios, all 

measurements are performed with respect to the internationally accepted standards such 

as Vienna Standard Mean Oceanic Water (V-SMOW) provided by International Atomic 

Energy Agency (IAEA, Vienna). The isotope ratios are expressed in delta notation () 

and are used to quantify stable isotopes as relative ratios to internationally accepted 

standards. As a result, the delta () of 2H (D), 18O, and 17O for a given sample can be 

calculated using the following equations: 
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                         D = (( H 2 / H 1 )Sample( H 2 / H 1 )VSMOW − 1)  1000                                     (i)         

                     18O = (( O 18 / O 16 )Sample( O 18 / O 16 )VSMOW − 1)  1000                                   (ii)         

                     17O = (( O 17 / O 16 )Sample( O 17 / O 16 )VSMOW − 1)  1000                                   (iii) 

All the delta () values are reported per mil (‰) or parts per thousand.  

1.3.2 The d-excess (deuterium excess) and 17
O-excess record: second-

order proxies. 

The second-order parameter deuterium excess (𝑑 − 𝑒𝑥𝑐𝑒𝑠𝑠 = δD − 8δ18O), 

derived as a kinetic fractionation component (non-equilibrium fractionation) and 

primarily associated with the temperature at moisture sources, can be used to describe 

changes in temperature at moisture sources and relative humidity (Merlivat and Jouzel, 

1979). Different diffusion velocities of HDO and H2
18O are mainly responsible for the 

non-equilibrium components. In contrast to equilibrium fractionation, the slower-

moving molecules of H2
18O have insufficient time to reach equilibrium, leading to 

significant deviations from the equilibrium state. Therefore, the fractionation ratios of 

two isotopes (18O and D) show deviations from ~1:8 ratios, generally observed in 

equilibrium conditions. The deviation of the typical isotopic ratios (i.e., 1:8) between 

18O and D is defined as d-excess (Dansgaard, 1964) and can be calculated by the 

equation: 

                                          𝑑 − 𝑒𝑥𝑐𝑒𝑠𝑠 = δD − 8δ18O                                           (iv) 



18 

 

It is well known that the extent of non-equilibrium fractionation during evaporation is 

influenced by several factors, including the relative humidity gradient above the surface, 

the air and surface water temperatures, and evaporative cooling (Cappa et al., 2003; 

Merlivat and Jouzel, 1979). As a result, variations in the sea ice conditions, sea surface 

temperatures, winds, and relative humidity significantly influence d-excess records in 

ice cores.  

Recent advancements in analytical techniques allow us to measure the isotopic 

ratio 17O/16O in ice/snow core records, and that enables us to obtain 17O with high 

precision. Further, the 17O-excess is derived from the measured record of 18O and 17O 

based on the equation shown below: 

          17O-excess = ln((δ17O/1000 + 1)) − 0.528 ∗ ln ((δ18O/1000) + 1)            (v) 

In this equation (equation-v), the constant value of 0.528 represents the slope of 

the Global Meteoric Water Line (GMWL) (Barkan and Luz, 2007; Luz and Barkan, 

2010). The equilibrium fractionation of liquids during evaporation and diffusive 

fractionation results in a deviation from GMWL (Barkan and Luz, 2007; Landais et al., 

2008; Risi et al., 2010b). Since the 17O-excess variation is smaller than 18O, it is 

expressed in per meg or ppm (10-6). In contrast to d-excess, this new proxy is not 

affected by the temperature at the source but rather by changes in relative humidity 

(Barkan and Luz, 2007; Landais et al., 2010). Therefore, it can be used as a robust proxy 

for reconstructing relative humidity. 

1.3.3 Chemical records in ice cores 

An important proxy component of the Antarctic ice core that stores valuable 

climate information is the deposition of chemical ions. Furthermore, they preserve 
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information about the nearby source region in coastal Antarctica (Laluraj et al., 2014; 

Mahalinganathan and Thamban, 2016; Rahaman et al., 2016). Several chemical ions in 

the coastal Antarctic ice core are significantly related to the sea ice in the nearby oceanic 

sector (Abram et al., 2010; Thomas et al., 2019). Chemical species that have been 

analyzed more frequently in the ice core include the major cations sodium (Na+), 

magnesium (Ca+), calcium (Ca+), ammonium (NH4+), and potassium (K+). In contrast, 

major anions include chloride (Cl−), sulfate (SO4)2 −, and nitrate (NO3)2−. Most major 

chemical ions display excellent seasonal variations and can be used to establish high-

resolution ice core chronologies. Some major ions, such as sodium and sulfate, are used 

to derive a second-order parameter called non-sea-salt sulfate (nssSO4)2− in the record, 

which is used as markers of historical volcanic eruption events (Ejaz et al., 2021; Sigl 

et al., 2014; Sigl et al., 2015). 

1.3.4 Snow/ice accumulation  

The Antarctic ice sheet has a continuous record of snow accumulation over 

several thousands of years. Therefore, it plays a crucial role in retaining specific 

chemical components over long periods. However, the accumulation rate over the 

Antarctic ice sheet is dominantly controlled through precipitation events. Antarctica's 

coastal regions receive the most precipitation (~1m/year), whereas the inland regions 

mostly have records of low precipitation (~5cm/year). Therefore, the Antarctic coastal 

area is considered ideal for retrieving high-resolution climate records (seasonal to 

annual scale). Furthermore, these seasonally-annually resolved climate records can 

easily be compared with instrumental or satellite-based climate parameters and can be 

used to reconstruct past climate beyond instrumental records. 
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1.4 Antarctic climate: variability and forcing factors 

Several tropical teleconnections and climate modes influence the Antarctic 

climate variability and changes within nearby oceanic sectors. El Niño Southern 

Oscillation (ENSO) is one of them and is predominantly associated with anomalous 

shifts in sea surface temperature (SST) over the tropical Pacific. ENSO is related to the 

ocean-atmospheric variability over the tropical Pacific and strongly influences global 

climate variability (Alexander et al., 2002; Karoly, 1989; Trenberth et al., 1998). Recent 

studies have suggested that global climate extremes could be amplified by the combined 

influence of ENSO and Pacific Decadal Oscillation (PDO) (Goodwin et al., 2016; 

Gregory and Noone, 2008; Wang et al., 2014), depending on their phase relationships. 

The PDO is believed to be a long-lived ENSO-like variability and a leading mode of 

SST variation over the North Pacific Ocean (Mantua et al., 1997). This also influences 

the Southern Hemisphere SST on a decadal time scale. A recent study from Wang et al. 

(2019) shows ENSO–PDO's coupled influence, which further modulates SST over the 

Atlantic Ocean sector. Due to Southern Hemispheric teleconnections, the Antarctic 

climate is sensitive to these tropical changes (Turner, 2004). However, it is not yet well 

understood how such changes in tropical oscillations and associated climate extremes 

influence Antarctic climate through space and time, particularly in the backdrop of 

continuing global warming since the industrial era ~1850 Common Era (CE). 

Several attempts have been made based on model simulations and proxy records 

for reconstructing the long-term ENSO-PDO records. Results of long-term predictions 

of ENSO in Coupled Model Inter-comparison Project phase-5 (CMIP5) show 

contradictory results (Chen et al., 2017; Chen and Majda, 2017). Several attempts have 

been made based on tree rings (MacDonald and Case, 2005; Mann et al., 2009) and 

corals (Chakraborty et al., 2012; Cobb et al., 2003; Urban et al., 2000) to understand 
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decadal to centennial-scale variability of ENSO and PDO. These records show good 

agreement in shorter reconstructions; however, they differ in the case of longer records 

(D’Arrigo et al., 2005). In addition, a few essential caveats are attached to tree ring-

based reconstruction, such as changes in sample depth, tree size, and chronology, some 

of which coincide with variance changes. Hence, they often misrepresent climate 

signals (Fowler et al., 2012). Further, such ENSO reconstructions are mostly from the 

ENSO regions in the tropics/subtropics and, therefore, may not necessarily reflect 

changes in ENSO influencing beyond the Niño regions. Since the ice core records from 

the coastal Antarctic register the annual variability, therefore, can be used to understand 

the influence of ENSO-related teleconnection. 

1.4.1 Sea ice variability in the different sectors of the Southern Ocean 

Sea ice cover over the Antarctic region is another critical component extensively 

controlled by the variations in ocean-atmosphere circulations (Carleton, 1989; Ferrari 

et al., 2014). Changes in sea ice cover in the Southern Ocean strongly influence the 

energy-mass balance and change in a temperature gradient, which further modulates 

heat exchange between ocean and atmosphere (Deb et al., 2017; Raphael, 2003; 

Simmonds et al., 2003). This consequently impacts the regional climate variations over 

Antarctica. Recent studies show a significant increasing trend in Antarctic sea ice cover 

associated with the westerly wind forcing due to the modulation of SAM (Holland and 

Kwok, 2012; Liu et al., 2004; Marshall, 2003; Spence et al., 2010); ENSO-PDO (Kwok 

and Comiso, 2002a; Yu et al., 2017); stratospheric ozone depletion (Marshall et al., 

2004; Sigmond and Fyfe, 2014; Thompson et al., 2011) and increased basal melting of 

ice shelves due to rising SST over the southern ocean (Bintanja et al., 2013). Several 

studies have highlighted the regional variations of sea ice cover over Antarctica's 

Atlantic and Pacific Ocean sectors. Recent studies show a significant increase in sea ice 
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extent over the Indian Ocean sector during 1979−2015 CE (Deb et al., 2017; Jena et al., 

2018). Sea ice variation in the Indian Ocean sector modulates the global climate in 

several ways through bottom water formation (Ohshima et al., 2013; Yabuki et al., 

2006), relatively large meridional circulation, and acting as a carbon sink (Sloyan, 

2006). Therefore, the modulation of sea ice cover over the Indian Ocean sector of 

Antarctica needs to be quantified on a longer time scale. 

1.4.2 Antarctic temperature variability and forcing factors  

 The variation in Antarctica's surface air temperature and the surrounding 

oceanic sectors play an essential role in understanding Antarctic glaciology, 

oceanography, chemistry, and biology (Convey, 2003; Cook et al., 2005; Meredith and 

King, 2005; Scambos et al., 2017; Turner et al., 2017). Therefore, estimating long-term 

and high-resolution (annual) temperature records from the Antarctic continent is 

essential. Using stable water isotope calibrations, Goosse et al. (2012) presented the 

first composite of Antarctic temperature by averaging the seven standardized 

temperature records. After that, several studies have attempted to reconstruct the 

Antarctic temperature for the last 2000 years based on the compilation of ice core 

records from different regions of Antarctica (PAGES 2k Consortium, 2013; Stenni et 

al., 2017). However, it was found that most of the ice core records were from the higher 

elevation, and very few were available from the Antarctic coast. Based on the 

reconstructed temperature from the stable isotopic ice core record, a significant 

warming trend was observed along the West Antarctic Ice Sheet (WAIS), Antarctic 

Peninsula (AP), and Dronning Maud Land (DML) coasts (Figure 1.3). The surface 

temperature of the WAIS, AP, and DML coast shows a significant rise in temperature 

with a rate of 0.97±0.75 oC, 1.99±1.7 oC, and 0.97±0.73 oC 100yr-1, respectively (Stenni 

et al., 2017) (Figure 1.3). This shows the deviation of the DML coast climate from the 
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rest of East Antarctica, as most of East Antarctica has shown a cooling trend in the last 

century. However, the DML coast has very few long-term high resolutions of ice core 

records to critically investigate the long-term climate variability on inter-annual to 

decadal timescale. 

The Southern Annular Mode (SAM) is recognized as one of the most dominant 

modes of climate variability in the southern hemisphere (Marshall, 2003); the positive 

phase of SAM is associated with low-pressure anomalies over Antarctica and high-

pressure anomalies over mid-latitudes and vice-versa (Abram et al., 2014; Marshall, 

2003; Marshall et al., 2006; Thompson and Wallace, 2000; Turner et al., 2005). The 

SAM generally shows a dipole response to the East Antarctic and Antarctic Peninsula 

temperature; a strong correlation between temperature and SAM is observed across the 

Antarctic Peninsula during the positive SAM, and the opposite is observed in East 

Antarctica (Kwok and Comiso, 2002a; Marshall, 2007; Thompson and Solomon, 2002). 

Therefore, shifting SAM to a positive phase in the last several decades, we expect 

cooling across East Antarctica. However, studies from the Dronning Maud Land (DML) 

region of East Antarctica show the absence of such long-term cooling; instead warming 

trend was observed in the last century (Naik et al., 2010; Stenni et al., 2017). Therefore, 

obtaining more spatially distributed and temporally extended proxy records from the 

DML region is imperative for a better understanding the processes and factors involved 

in the SAM-temperature relationships. 
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Figure 1.3. Regional isotope composites from the different Antarctic ice cores and 

slopes of the reconstructed temperature during the past century (Stenni et al., 2017). 

Reconstructed temperature shows a significant warming trend in the WAIS, AP, and 

DML coast regions. At the same time, the East Antarctic Plateau, Weddell Sea Coast, 

and Victoria Land Coast have shown a cooling trend in the past century. 

1.4.3 Southern Ocean climate variability and teleconnections 

Over the past few decades, the Southern Ocean has experienced rapid changes with 

widespread climate impacts. Besides its contribution to the global circulation of heat, 

freshwater, and nutrients, the Southern Ocean also impacts climate, ecology, and human 

lives via its crucial role in ocean productivity and the biogeochemical and carbon cycle. 

Despite all this, the Southern Ocean is one of the least studies regions on Earth, leading 

to substantial uncertainties associated with estimates of future Southern Ocean 

processes and their consequences for the world (IPCC, 2013). Some studies have used 

different ice core records of d-excess to reflect the past sea surface temperature (SST) 

condition during glacial-interglacial changes (Stenni et al., 2004; Stenni et al., 2001; 
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Stenni et al., 2010; Vimeux et al., 2001). There is a dominant influence on the Southern 

Ocean due to tropical variations associated with ENSO and PDO. These processes 

modulate the southern hemisphere's SSTs on an annual-decadal scale. It has been found 

in a recent study that ENSO-PDO influences SST over the Atlantic Ocean sector in a 

coupled manner (Wang et al., 2019). Surface energy flux modulated by ENSO-related 

atmospheric teleconnections dominates SST and sea-ice variability over the Southern 

Ocean. There is a lack of quantitative information regarding the ENSO-PDO-related 

variation of SST over Antarctica's Western Indian Ocean sector (WIOS) and its possible 

impact on sea ice variation. Therefore, it is important to understand the long-term 

variability of the sea surface temperature of the Southern Ocean and its possible 

teleconnection in this oceanic sector of Antarctica. This study attempts to decipher the 

high-resolution (annual) SST variation based on the ice core-derived d-excess record 

and related teleconnection to tropical/extra-tropical climate modes. 

1.4.4 Relative humidity and moisture sources in the Southern Ocean   

The d-excess record in the ice/snow core has frequently been interpreted as a 

proxy for moisture source conditions because it is sensitive to temperature and humidity 

during evaporation. Model studies suggested that the effect of SST changes at 

evaporation can overwhelm signals of relative humidity changes in the d-excess record 

of the Polar region (Vimeux et al., 2001). This interpretation, however, is complicated 

by the fact that d-excess, even in equilibrium conditions, is not a conservative tracer 

(Jouzel and Merlivat, 1984; Kavanaugh and Cuffey, 2003; Masson-Delmotte et al., 

2008; Petit et al., 1999; Uemura et al., 2012). Therefore, attempts have been made to 

use a derived proxy 17O-excess for understanding the changes in the relative humidity 

both spatially and temporally. Both theoretical and experimental evidence shows that 

an excess of 17O (17O-excess = ln((δ17O/1000 + 1)) − 0.528 ∗ ln ((δ18O/1000) +
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1)) in meteoric water is due to the evaporation of ocean water into undersaturated air 

and is inversely correlated with relative humidity (Barkan and Luz, 2007; Luz and 

Barkan, 2010; Risi et al., 2010a). While going through the equilibrium fractionation 

process, the heavy isotopologues (H2
17O and H2

18O) were preferentially removed 

relative to H2
16O and depleted the vapor in 17O and 18O. However, the heaviest 

isotopologues (H2
18O) more preferentially fractionate from water vapor, resulting in 

more positive 17O-excess values. The 17O-excess record is ideally suited to understand 

relative humidity changes since it is insensitive to evaporation temperatures and less 

susceptible to equilibrium fractionation during snow formation than the d-excess record. 

The relative humidity has large-scale implications in understanding the Antarctic 

precipitation, sea ice variability, and ice sheet mass balance. Therefore, it is important 

to reconstruct the relative humidity of the DML region beyond the instrumental record. 

In the present thesis, triple oxygen (18O, 17O, 16O) and hydrogen (1H, 2H) isotopic 

records from high accumulation ice cores were used to reconstruct climatic variables 

such as surface air temperature, sea ice concentration, sea surface temperature, and 

relative humidity for the past two centuries. Further, spatial variability of isotopes in the 

DML region is studied along the transects from coast to inland. Efforts were made to 

understand the influence of possible climate modes and oscillations in controlling the 

variability of surface air temperature, sea ice concentration, sea surface temperature, 

and total cloud cover. 
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1.5 Objectives of the study  

Objectives of this doctoral study: 

1. To undertake a high-resolution reconstruction of Antarctic climate variability 

during the past few centuries using various isotope proxy records in an ice core 

from coastal Dronning Maud Land. 

2. To study the past evolution of Antarctic climate variability and its linkages to 

tropical/ extra-tropical climatic modes using ice core proxy records and climate 

reanalysis data. 

3. To understand the spatial variability of triple-oxygen isotopes in modern snow 

along a transect in Antarctica to delineate the processes and its paleoclimatic 

implications.  

1.6 Outline of the thesis 

This thesis comprises seven chapters. The content of each chapter is as follows: 

Chapter 1 describes the importance and significance of the proposed work 

based on the available literature and gaps in knowledge. The chapter also briefly 

introduces the Antarctic ice core and possible proxies used for understanding the past 

climate. A brief overview of past climate changes and the evolution of different climate 

variables, particularly in the backdrop of the global warming period, is provided in this 

chapter. Finally, it also highlights the data gaps and their importance for a better 

understanding of climate systems and possible influence from tropical regions. 

Chapter 2 provides a detailed overview of the study region (Dronning Maud 

Land region of East Antarctica) and its importance for paleoclimatic reconstructions. 

This chapter also describes the theoretical and experimental basis for the thesis. Two 
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types of samples, viz. Ice cores and surface snow core samples from coast to inland 

were used for paleoclimatic reconstruction. A detailed description of ice/snow core 

processing (cutting and sub-sampling) is provided in this chapter. Further, the analytical 

techniques used in the stable isotope and chemical ion measurements are described in 

detail. Additionally, this chapter covers the supporting/reanalysis data sources, 

statistical methods, and toolbox used in this study. 

Chapter 3 focuses on reconstructing annual surface air temperature for the past 

two centuries using stable isotope records of ice cores from the DML region of East 

Antarctica. This chapter also provides the mechanism(s) and controlling factors of 

surface air temperature variability in the DML region. 

Chapter 4 of the thesis uses stable isotope records from multiple ice cores and 

focuses on a novel method for estimating the sea ice record in the proximal oceanic 

sector of the DML region. This chapter provides the longest reconstructed sea ice record 

from the Western Indian Ocean Sector (WIOS) on an annual scale resolution. Further, 

an impact of different climate modes/tropical teleconnections and their related 

mechanism in controlling the sea ice variability is provided in this chapter. 

Chapter 5 estimates the sea surface temperature of the WIOS region based on 

a high-resolution d-excess record from the IND33 ice core. This chapter presents the 

most extended annual SST record of the WIOS region annually. A detailed description 

of various forcing factors/climate teleconnections and their related mechanism in 

controlling the SST variability is provided in this chapter.  

Chapter 6 provides the spatial distribution of stable isotopes from both snow 

cores and model-based records. This chapter provides the first data on spatial variability 

in triple isotopes of oxygen and hydrogen isotopes (D, 18O, and 17O) in modern snow 
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along a transect in the DML region. For the first time in DML, a second-order proxy, 

i.e., 17O-excess, is derived from the measured data and used to reconstruct the relative 

humidity for the past two centuries. 

Chapter 7 summarizes the principal conclusions drawn from this thesis work. 

Furthermore, this chapter provides a brief outline highlighting future research/study 

scope. 
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Chapter 2 

Material and Methods  
 

This chapter contains a detailed overview of the study region (Dronning Maud 

Land region of East Antarctica) and its importance for paleoclimatic reconstructions. 

Further, a detailed description of the theoretical and experimental related studies 

forming the basis of the thesis is provided in this chapter. To achieve the scientific 

objectives of this thesis, two types of samples, viz. ice cores and surface snow core 

samples retrieved from the DML region of East Antarctica, were used. This chapter also 

describes the various methodologies used in the sample processing (ice/snow core 

cutting and sub-sampling) and analytical details of stable isotope and chemical ion 

measurements. The methodology used in establishing a robust chronology of the ice 

core is described in this chapter. 

2.1 Study Area 

2.1.1 Dronning Maud Land region, East Antarctica 

The region of Dronning Maud Land (DML) covers between 20°W to 45°E, and its 

coastal region largely faces the Atlantic sector of the Southern Ocean. Several ice 

shelves surround the DML's coastal section, a characteristic feature of this region 

(Figure 2.1). Currently, Dronning Maud Land has 12 research stations. These include 

the Norwegian Troll and Tor stations; the Russian Novolazarevskaya Station; the South 

African SANAE IV; the Swedish Wasa; the Finnish Aboa; the German Neumayer-

Station III and Kohnen; the Indian Maitri station; the Japanese Showa Station and Dome 

Fuji Station; and the Belgian Princess Elisabeth Station. These research stations are 

connected with a multination collaborative air transport network known as Dronning 
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Maud Land Air Network Project (DROMLAN). In this region, the westerly winds play 

a crucial role in bringing moisture from the proximal oceanic sector to the coastal part. 

Further, it is known that the coastal Antarctic region receives more precipitation than 

its interior plateau. Thus, coastal sites are excellent locations for observing annual and 

decadal climate variability (Curran et al., 2003; Goursaud et al., 2019; Turner et al., 

2019). Therefore, a high-resolution (seasonal to annual) ice core record can be very 

helpful for reconstructing past climatic records based on the calibration of ice core 

records with instrumental records.  

Figure 2.1. Location map of the study area and surrounding oceanic sectors in East 

Antarctica 

The location of ice cores and snow cores used in the present study is shown in this map. 

The filled red circle represents the location of the newly retrieved IND33 ice core, while 

blue circles denote other published ice core records of IND25, DML07, DML05, and 

DML17 (Graf et al., 2002) used in this study. The snow cores transect (coast to inland) 

used in the present study is shown in purple circles. 
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2.1.2 Ice core and snow cores from the DML region 

This study has used a suite of snow cores along a coast-to-inland transect for 

understanding the environmental processes and ice cores for reconstructing the regional 

climate variability. A new coastal ice core record (IND-33/B8; hereafter IND33) with a 

total length of 101.4 m was retrieved using an electro-mechanical drill during the 33rd 

Indian Scientific Expedition to Antarctica (ISEA) in the austral summer of 2013−14 

from the central DML region (location: 71° 30′ 36′′ S and 10° 09′ 36′′ E; elevation: 1470 

m) (Figure 2.1). The ice core drilling site was selected based on ground penetrating 

radar (GPR) data collected during the 28th ISEA and satellite data that contained 

information on the accumulation, ice flow velocity, and flow direction. With the 

logistics support of Maitri station, an over snow traverse was undertaken using several 

tracked snow vehicles. The entire drilling operations were carried out during the night 

hours to reduce the warmth and direct sunlight potentially hazardous to the drilling 

operations. The typical ambient temperatures during working hours varied between -

25° and -20° Celsius, with strong catabatic winds at night. The drilling camp activities 

are depicted in Figure 2.2. Drilling activities were completed simultaneously, with all 

ice cores being labeled, packed in LDPE rolls, and stored in custom-made EPP 

(Expanded Polypropylene) ice core boxes. The drilling touched 101.4 m depth, and the 

operations were stopped due to multiple technical/logistic reasons. Accordingly, the 

camp was closed, and all types of machinery were packed properly in the drilling 

container for future missions. These EPP boxes were safely placed in deep snow pits 

and covered with snow till they were taken to the expedition vessel for final transport 

to NCPOR, Goa. 
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2.1.3 Technical details of ice/snow core drilling system 

Ice core drilling was conducted using an electro-mechanical ice core drilling 

system (Type D-2 by GeoTecs). The drilling system is capable of recovering ice core 

with a diameter of 9.44 cm and core length of about 80cm in a single run. The outer 

diameter of the core barrel is 10.16 cm, and the length is 1.99 m. Two types of cutters 

are placed with rake angles of 35 and 40. The other technical details related to the ice 

core drilling system are provided in Table 2.1. 

Table 2.1. Technical details of the drilling system  

Many parameters affect the drilling system's performance, but the most important are 

the type of firn/ice and the surface/borehole temperature. The drilling system was 

designed for ice but drilled coastal ice sheets are comparatively warm, making optimal 

core recovery challenging. 

Drilling Components Specifications  

Core mount (shoe)  Three types with pitches 2, 3, and 4mm 

Outer barrel Jacket   Diameter: 12.5 cm; Length: 2.09 m   

Anti-torque system Leaf spring blades (3 pcs) made of spring steel  

Blade dimensions  length: 63.2 cm, width: 2 cm, thickness: 2.5 cm 

Drive unit DC Motor (100V/350 W/ 4000 rpm)   

Reducer Harmonic drive system with 1:80 reduction gear ratio 

Winch unit model Model W-MDL; Load: 100 kg   

Armored cable diameter  5.7 mm 

Drill Motor   DC Servo motor (87 V/11A/ 800 W/ 1,750 rpm)   

Drill Mast Height: 3.56 m (at the center of Pulley), made of aluminum 

Pulley diameter  31.3 cm.  
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Figure 2.2. Ice core drilling conducted from the central DML region (location: 71° 30′ 

36′′ S and 10° 09′ 36′′ E; elevation: 1470 m). 

 

Snow cores along a transect from coast to inland in DML (a total of 25 snow 

cores, each ∼1 meter long and 14 cm diameter) were retrieved using a KOVACS Mark–

IV hand-drill during 2008–09 (Figure 2.3). The length of the core barrel was about 

1.2m. A simple push-lock mechanism connected the torque handle with the barrel on 

the top portion. The core cutters are present at the bottom end of the barrel and capable 

of coring through the snowpack. The bottom end of the barrel was fitted with stainless 

steel core catchers to prevent the core from sliding out. At a time, this device can core 

an effective length of 1m of snow. Snow core samples were collected at intervals of 

10km from the DML coast to the inland region, covering 300km and elevations up to 

2800 m a.s.l. The retrieved snow cores were sealed immediately in high-density 

polyethylene bags to avoid contamination. 
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Figure 2.3. Drilling of snow cores was performed with a Kovacs Mark IV device with 

a 14 cm barrel diameter and snow cutters. 

 

Afterward, the samples were packed in EPP boxes and stored in a refrigerated 

container at -20°C until transported to the National Centre for Polar and Ocean Research 

(NCPOR), Goa, India, where they were stored at the in-house Ice Core Laboratory 

maintained at -20°C. 

2.2 Processing (core cutting and sub-sampling) of ice core 

and snow cores 

The ice core processing laboratory at NCPOR is maintained at -15C and 

enabled with core cutting/sub-sampling of ice/snow cores. A vertical bandsaw ice core 

cutter was used to slice the ice cores into two sections, with one section archived for 

future research (Figure 2.4c). The other half section of the ice core was decontaminated 

by carefully removing the outer layers using microtome blades. The sub-sampled 
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sections (5cm) were further cut into different parts for stable isotopes of water (oxygen 

and hydrogen), trace elements, atmospheric dust, and major ion measurements (Figure 

2.4d). The outer section of the sub-sampled core is used for stable isotopic 

measurement, whereas the interior section is used for trace elements, atmospheric dust, 

and major ion measurement to avoid contamination (shown in Figure 2.4b). Each 

subsample was sealed in contamination-free LDPE containers for stable isotope, ionic, 

trace metal, and particle quantification analysis. However, in the present thesis, only 

stable isotopes and major ions were used to understand the climate variabilities. 

 

Figure 2.4. Ice core retrieval and sample processing at National Centre for Polar and 

Ocean Research (NCPOR).  

(a) The IND33 ice core field photo. (b) Ice core sub-sampling plan utilized for different 

types of analysis based on the cross-section shown in the figure. (c) Ice core cutting 

using a vertical bandsaw cutter. (d) sub-sampling of ice at 5cm intervals. 
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2.3 Analysis of ice core and snow core samples  

2.3.1 Stable isotopes analysis using Isotope Ratio Mass Spectrometer 

(IRMS) 

The stable isotopic ratios of melted ice core samples were measured using an ‘Isoprime’ 

Isotope Ratio Mass Spectrometer (GV Instruments, UK) at the NCPOR laboratory 

(Figure 2.5). The details of the 18O measurements have already been discussed 

elsewhere (Thamban et al., 2013). Briefly, the method of equilibration of water samples 

with CO2 gas (Epstein and Mayeda, 1953) was used to determine 18O values. The 

isotopic composition is expressed per mil (‰) with respect to the international standard 

VSMOW. We measured 18O values in our in-house laboratory standard CDML1 (Naik 

et al., 2010) several times at regular intervals during the analysis of these ice core 

samples. The isotopic composition of the in-house standard was calibrated against the 

VSMOW/SLAP standards (Coplen et al., 1996). External precision of the 18O 

measurements was better than 0.1‰ (n=137, 1σ standard deviation)  based on several 

repeat measurements of the in-house standard CDML1 during the analysis. 
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Figure 2.5. Stable Isotope Ratio Mass Spectrometer (IRMS) at NCPOR, Goa. 

 

2.3.2 Analysis of stable isotopes using Triple Isotope Water Analyzer 

(TIWA) 

Traditional water isotope analysis performed using IRMS technology requires extensive 

sample preparation and a skilled, experienced operator. Further, oxygen and hydrogen 

ratios are separately processed, with 17O being particularly cumbersome for IRMS. 

Recent advances like the cavity-enhanced laser absorption technique measure all three 

isotopes simultaneously, directly from water-based samples. Accordingly, all new 

ice/snow core samples were analyzed for oxygen and hydrogen isotopic ratios at 

National Centre for Polar and Ocean Research using OA-ICOS (off-axis integrated 

cavity output spectroscopy) laser absorption spectrometer, knowns as Triple Isotope 

Water Analyzer (TIWA-45EP from Los Gatos Research, USA) (Figure 2.6). This 
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instrument can simultaneously report all the stable isotopes of water (δ2H, δ17O, δ18O). 

This enabled us to derive the second-order proxies, such as d-excess and 17O-excess 

(described in the details in the following section). The oxygen and hydrogen isotopic 

ratios were determined with high accuracy. The melted ice core samples were 

introduced in TIWA-45EP without sample conversion through PAL, HTC-xt auto-

injector (CTC Analytics) equipped with a heated (≈85 °C) injector block (LGR) 

(Berman et al., 2013). Using Hamilton 1.2 μL, zero dead volume syringe, samples were 

injected into the injector block and evaporated for direct isotope analysis. 

Measurements were completed at a speed of ~90 s per individual injection. To remove 

the sample-to-sample memory, a total of nine injections were made, in which the first 

three injections were removed. The last six injections were averaged to produce a single, 

high-throughput (HT) sample measurement. One commercially available working 

standard from LGR1C and two laboratory standards (CDML1 and HL1) with known 

isotopic composition, spanning the entire range of our sample measurements (-46.19 ‰ 

to -19.49 ‰ for δ18O and -362.85 ‰ to -154.0 ‰ for δD) were analyzed routinely as 

reference waters after every five ice core samples to check the instrument performance. 

Laboratory standards are calibrated on VSMOW/SLAP scale. The external precision 

obtained using our laboratory standard (CDML1 and HL1) for δ18O was ± 0.046 ‰ and 

± 0.068 ‰, respectively and for δD was ± 0.32 ‰ and ± 0.23 ‰ (n=30, 1σ standard 

deviation) (Table 2.2 and Table 2.3). Replicate analyses performed based on ten 

samples yield repeatability of ± 0.76 ‰ for δD and ± 0.09 ‰ for δ18O (Table 2.4). All 

the raw instrumental OA-ICOS data were processed in LGR post-analysis software. 

Any measured injection with water number density outside the manufacturer’s 

suggested range of 2-4.5 × 1016 H2O molecules/cm3 was discarded. Injections with 

incomplete evaporations were detected by examining the standard deviation of the 
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measured water number density (σnmeas) as reported by the instrument (Berman et al., 

2013). Processed raw data directly gives δ18O and δD, which are further used to yield 

deuterium excess (Dansgaard, 1964). However, for deriving the 17O-excess, a more 

precise measurement is required for 18O and 17O. 

Table 2.2. HL1 standard measured for stable isotopes in TIWA-45EP instrument during 

the ice core sample analysis.  

Standard D (per mil) 18O (per mil) 17O (per mil) 

HL1 -362.534 -46.121 -24.627 

HL1 -362.481 -46.119 -24.632 

HL1 -362.514 -46.097 -24.616 

HL1 -362.644 -46.224 -24.593 

HL1 -362.603 -46.194 -24.632 

HL1 -362.639 -46.127 -24.630 

HL1 -362.632 -46.129 -24.632 

HL1 -362.453 -46.067 -24.608 

HL1 -363.030 -46.252 -24.703 

HL1 -361.587 -45.868 -24.476 

HL1 -362.643 -46.141 -24.658 

HL1 -362.579 -46.130 -24.624 

HL1 -362.536 -46.053 -24.646 

HL1 -362.523 -46.090 -24.628 

HL1 -362.408 -46.154 -24.709 

HL1 -362.556 -46.130 -24.648 

HL1 -362.665 -46.144 -24.646 

HL1 -362.504 -46.062 -24.527 

HL1 -362.704 -46.199 -24.655 

HL1 -362.602 -46.120 -24.691 

HL1 -362.729 -46.177 -24.652 

HL1 -362.770 -46.169 -24.645 

HL1 -362.850 -46.213 -24.695 

HL1 -362.572 -46.118 -24.635 

HL1 -362.676 -46.146 -24.602 

HL1 -362.699 -46.152 -24.648 

HL1 -362.687 -46.158 -24.654 

HL1 -362.775 -46.108 -24.672 

HL1 -362.821 -46.178 -24.671 

HL1 -362.914 -46.177 -24.694 

1σ stdev 0.238 0.069 0.048 
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Table 2.3. CDML1 standard measured for stable isotopes in TIWA-45EP instrument 

during the ice core sample analysis.  

Standard D (per mil) 18O (per mil) 17O (per mil) 

CDML1 -215.656 -26.938 -14.267 

CDML1 -215.151 -26.969 -14.313 

CDML1 -215.232 -26.944 -14.349 

CDML1 -215.782 -26.915 -14.279 

CDML1 -215.124 -26.914 -14.223 

CDML1 -215.431 -26.963 -14.335 

CDML1 -215.216 -26.937 -14.338 

CDML1 -215.780 -26.893 -14.189 

CDML1 -215.574 -26.925 -14.161 

CDML1 -215.183 -26.923 -14.269 

CDML1 -215.403 -26.945 -14.243 

CDML1 -215.480 -26.906 -14.241 

CDML1 -215.286 -26.893 -14.275 

CDML1 -215.409 -26.984 -14.085 

CDML1 -215.336 -26.959 -14.291 

CDML1 -214.672 -26.930 -13.998 

CDML1 -214.840 -26.906 -14.237 

CDML1 -215.726 -26.965 -14.424 

CDML1 -214.904 -26.921 -14.356 

CDML1 -214.695 -26.869 -14.175 

CDML1 -214.937 -26.870 -14.256 

CDML1 -215.187 -26.850 -14.362 

CDML1 -215.299 -26.830 -14.249 

CDML1 -215.605 -26.839 -14.252 

CDML1 -215.471 -26.830 -14.305 

CDML1 -215.425 -26.956 -14.231 

CDML1 -214.619 -26.902 -14.236 

CDML1 -214.884 -26.836 -14.358 

CDML1 -215.350 -26.835 -14.289 

CDML1 -215.396 -26.947 -14.193 

1σ stdev 0.323 0.046 0.086 
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Table 2.4. Repeated measurement of unknown sample for stable isotopes in TIWA-

45EP. 

Standard D (per mil) 18O (per mil) 17O (per mil) 

R1 -223.553 -28.617 -15.198 

R1 -222.786 -28.552 -15.221 

R1 -223.285 -28.548 -15.289 

R1 -223.557 -28.463 -15.121 

R1 -222.520 -28.379 -15.310 

R1 -222.088 -28.348 -15.159 

R1 -221.571 -28.337 -15.122 

R1 -221.890 -28.425 -15.322 

R1 -221.908 -28.444 -15.170 

R1 -221.717 -28.443 -15.315 

1σ stdev 0.767 0.092 0.080 

 

 

Figure 2.6. Triple Isotope Water Analyzer (TIWA-45EP) instrument at NCPOR ice 

core lab facility. 

2.3.3 Isotope calibration and normalization for deriving 17
O-excess 

A total of three commercially available working standards from USGS with known 

isotopic composition were analyzed after every ten samples during the entire period of 

analysis to ensure that the instrument was performing as expected. The oxygen and 
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hydrogen isotopic ratios (18O/16O, 17O/16O, and 2H/1H) were normalized using two 

international water standards, Vienna Standard Mean Ocean Water (VSMOW) and 

Standard Light Antarctic Precipitation (SLAP), following the procedure described in 

Schoenemann et al. (2013). 

2.3.4 Data processing to derive 17
O-excess 

The value reported for the 17O-excess is much smaller (up to per meg or 0.001‰ or 

ppm) as compared to traditional δ18O and δ17O (reported in per mil or ‰). Due to this, 

the 17O-excess values may be subject to significant uncertainty if either δ18O or δ17O 

measurements have slight variations. Therefore, this study uses a filter based on mass-

dependent fractionation coefficient (θ = ln (δ17O + 1)/ln (δ18O + 1)) to have quality-

controlled data for deriving 17O-excess (Tian et al., 2018). For kinetic transport, the 

fractional factor was found to be 0.511 ± 0.005, while for equilibrium processes, it was 

0.530 ± 0.001 (Barkan and Luz, 2005). Additionally, previous studies have 

demonstrated that almost all 17O-excess values of global precipitation (e.g., rainfall, 

snowfall, and ice) fall within the range of −100 to + 100 per meg (Li et al., 2015; Luz 

and Barkan, 2010; Pang et al., 2015; Steen-Larsen et al., 2014). During data processing, 

measurements with fractionation factors outside the 0.506 and 0.530 range and 17O-

excess values observed outside the range (−100 to +100 per meg) were removed from 

the analysis to reduce uncertainty. In the following step, the filtered data were used to 

obtain the 17O-excess value for ice/snow core samples. Three USGS standards 

(USGS45, USGS47, and USGS46) were analyzed to check the instrument's stability 

and measurement precision. The precision of the measured standards is shown in Table 

2.5.  
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Table 2.5. USGS standards were measured during the analysis of ice/snow core 

samples.  

Standards 

18O (per 

mil) 

measured 

 18O 

assigned 

1σ 
stdev 

 17O (per mil) 

measured 

 17O 

assigned 

1σ 
stdev 

USGS45 (n=48) -2.270 -2.38 0.021 -1.182 -1.19 0.016 

USGS47 (n=38) -19.797 -19.8 0.063 -10.475 -10.47 0.041 

USGS46 (n=49) -29.812 -29.8 0.067 -15.834 -15.85 0.043 

 

2.3.5 Major ion analysis 

The outer layers of the samples were cleaned using ceramic knife and placed 

under a laminar flow bench, housed in the -15 C processing facility. Samples were 

melted in the Class-100 clean room facility immediately prior to the analysis. The 

melted samples were analysed simultaneously for both cations and anions using two 

separate Reagent Free-Ion Chromatographs. Major ions such as sodium (Na+),(𝐶𝑙−), and sulfate (SO42−) were analysed to use as supporting data for the establishment 

chronology of the IND33 ice core. Further, sodium (Na+) and sulfate (SO42−) ions 

were used to quantify the non-sea-salt sulfate [nssSO42− = SO42−− 0.252*(Na+)] in the 

record, which was used as markers of historical volcanic eruption events (tie points) to 

improve chronological constraints on the IND33 core. An ion-exchange chromatograph 

(Dionex DX-2500) with CS17 column was used to analyze cations (Na+), whereas 

anions (Cl−,  SO42−) were analyzed using Dionex ICS-2000 with AS11-HC analytical 

column (Figure 2.7) (Laluraj et al., 2011; Rahaman et al., 2016; Thamban et al., 2010). 

The instrumental detection limits of the Ion Chromatography system for the 

measurements of Na+,  Cl−and SO42− is up to 2 𝜇𝑔 𝑙−1. Analytical precision and 
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accuracy determined based on several replicate analyses of samples and standards were 

better than 5%. 

 

Figure 2.7. Ion Chromatograph (IC) instrument for cation and anion analysis housed in 

a Class-100 clean room at NCPOR, Goa. 

2.4 Chronology of the IND33 ice core 

An accurate age model is a prerequisite for any high-resolution ice core-based climate 

studies. Therefore, we made a rigorous effort to establish an accurate chronology. The 

chronology of the IND33 ice core was established in three steps (Figure 2.8). A first-

order chronology was established based on the manual counting of annual layers in the 

18O record. The primary handle in the manual layer counting was the seasonal signals 

in the 18O record, i.e., summer maxima and winter minima (Figure 2.8a). The excellent 

sampling resolution of this core enabled us to identify the seasonal signals and 
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differentiate annual layers. In the second step, nssSO4
2- the record is plotted with the 

first-order chronology, and the known volcanic events were identified based on the 

prominent peaks in the nssSO4
2- record (Figure 2.8b).  

Figure 2.8. Chronology of IND33 ice core using stable isotope and major ions. 

(a) The 18O profile of IND33 ice core. Red points and the vertical grey lines indicate 

annual layers identified based on the summer peaks in the 18O record. For better 

clarity, we have only shown our layer counting every five years with vertical red lines 

marked with the assigned year on the x-axis. (b) The non-sea salt sulfate (𝑛𝑠𝑠𝑆𝑂42−) 

concentration profile of the IND33 ice core shows anomalously high peaks, which 

correspond to historical volcanic events. The peak in the tritium profile corresponds to 

the year of the major nuclear bomb testing event. The red shaded bars indicate the 

known historical volcanic events, whereas the grey shaded bars indicate the unknown 

volcanic events.  
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A total of nine known volcanic events were identified, including Ulawun (2000), 

Pinatubo (1991), El Chichón (1982), Agung (1963), Azul (1932), Raikoke (1924), Santa 

Maria (1902), Makian (1863) and Tambora (1815). In addition, two peaks were 

observed marked in a grey shade; however, we did not find any match with any known 

events reported in the literature. To further improve the chronology with an absolute 

age marker, tritium (3H) concentrations were measured in selected sections (a total of 

20 discrete samples) using an Ultra Low-Level Liquid Scintillation Spectrometer at the 

National Institute of Hydrology (NIH, Roorkee, India). The tritium profile shows an 

anomalous peak at ~22.25 m depth. The measured section of the IND33 ice core 

coincides with the well-known tritium peak of the most extensive nuclear bomb testing, 

"Tsar Bomba" in 1961, observed in all compiled tritium records ranges between 1961 

and 1962 (Cauquoin et al., 2016). Thus considering a few months lag due to long-range 

transport, and it finally gets registered its signal in the Antarctic snow/ice sheet, the age 

of this layer is assigned as 1962 (Figure 2.8b). The tie points based on the volcanic 

events and the nuclear bomb testing event provide us with an independent handle to 

improve the accuracy of the ice core chronology. The chronology for the entire record, 

particularly the ages corresponding to the sub-sampling depths, was derived based on 

the linear interpolations between two annual layers. However, age-depth relationships 

generally follow non-linear relations (Peter and Carl, 2004). Therefore, linear 

interpolation between ages for individual sample depth and tuning the chronology with 

the tie points could introduce uncertainty in the ice core age model. 

Additionally, isotope diffusion, wind-induced redistribution and scouring, 

sublimation, and condensation may introduce complexities in ice core 18O record, 

especially at sites or intervals of lower accumulation (Münch et al., 2016) which might 
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introduce uncertainty in annual layer counting based on the 18O record. To circumvent 

this problem and reduce the uncertainty associated with manual counting, we have used 

ionic records of Na+ and Cl−, which are less prone to such post-depositional processes 

and have shown strong seasonal signals; higher sea salt spray caused higher ionic 

concentrations during sea ice formation in winter and opposite during summer season. 

Finally, we compute the first-order chronology, ionic records (Na+ and Cl−) in-depth 

scale, and tie points in the MATLAB-based StratiCounter program to get the final age-

depth model after non-linear optimization. This program works based on the statistical 

framework of Hidden Markov Models and the Expectation-Maximization algorithm 

(Winstrup et al., 2012), which was developed for annual layer counting in paleoclimate 

archives. This algorithm-based StratiCounter program has already been tested for the 

NEEM ice cores from Greenland and established their chronology with better accuracy 

(Sigl et al., 2015). The sampling resolution of the IND33 ice core was sufficiently high 

enough (~ 8 to 10 samples per year) to identify the seasonal signal in these ionic records 

and for automated annual layer counting in the StratiCounter software (Winski et al., 

2019). For detailed illustration purposes, the measured ionic species and 18O record of 

the topmost section (0−10m depth) of the core, clearly depicting the annual cycles, is 

shown in Figure 2.9. The StratiCounter program accounts for all these chronological 

constraints and provides an age-depth model based on non-linear iterative optimization. 

Hence, chronology derived based on this method using the StratiCounter program is 

more robust and accurate. 
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Figure 2.9. Demonstration of annual layer counting based on the seasonal signal 

resolved 18O and ionic records of IND33 ice core within a depth interval (0–10 m). 

In the topmost section of the 18O record, ionic records such as Chloride (green), 

Sodium (black), and non-sea salt sulfate (blue) concentration show clear annual 

cyclicity. Vertical red dashed lines show the annual peak position based on the data 

shown.   
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To quantify the uncertainty of the chronology, the ages of the known volcanic 

events reported in the literature are compared with those derived from the automated 

StratiCounter program. All the ages of these known volcanic events derived from both 

methods agree within ±1 year of uncertainty. Further, an excellent agreement was found 

between the chronology determined from manual layer counting and the chronology 

derived from the StratiCounter. The average difference between the ages derived from 

the manual layer counting and the StratiCounter is less than one year. Based on several 

constraints, the chronology is established for the entire core that represents the ice core 

record of 1809–2013 CE with an uncertainty of ±1 year (Figure 2.10). 

 

Figure 2.10. Comparison of age-depth models based on manual counting of annual 

layers and StratiCounter method. 
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2.6 An overview of the data sources, statistical methods, and 

toolbox used in this study 

2.6.1 ERA5 reanalysis data 

The European Reanalysis V5 (ERA5) represents the ECMWF's (European Centre 

for Medium-Range Weather Forecasts) fifth generation of climate and weather 

reanalysis for the seven decades (1950−recent). The datasets for ERA5 are generated 

using the ECMWF model forecast system coupled with 4D-Var data assimilation. In 

this study, ERA5 reanalysis data (Hersbach et al., 2020) available from 1979 at a 

resolution of 0.5° × 0.5° latitude-longitude were used to investigate the role of different 

climate parameters in controlling stable isotopic variability in these ice core records and 

to reconstruct the past climate records beyond 1979. The monthly averaged data of 

ERA5 can be downloaded from Copernicus Climate Change Service 

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-

monthly-means?tab=overview). 

2.6.2 ECHAM5-wiso model data 

The Max Planck Institute for Meteorology has developed the ECHAM5 (European 

Central Hamburg Model) for predicting the atmosphere's general circulation. 

Simulations based on this model, when coupled with stable water isotopes, are called 

"ECHAM5-wiso". Model outputs are available for both long-term time scales (Steiger 

et al., 2017) and on a recent satellite time scale (Werner et al., 2018). The long-term 

model simulation is available from 1871−2011 CE at a spatial resolution of 1 degree 

(T106). The boundary conditions used in the long-term ECHAM5-wiso simulations 

were interpolated HadISST fields. These model simulations were based on the bulk 

formula available from Hoffmann et al. (1998), which includes both equilibrium and 

non-equilibrium effects of water isotope fractionation during evaporation from oceanic 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=overview
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surfaces. Model outputs are available in NetCDF (.nc files) and can be downloaded 

from (https://zenodo.org/record/1249604#.YuoR5nZByUl). ECHAM5-wiso model 

data was used in this study to understand the spatial variability of stable isotopes. 

2.6.3 Climate Indices and ice core data  

To understand the role of ENSO and its influences, long-term Southern Oscillation 

Index (SOI) data available from NOAA has been used in this study 

(https://www.ncdc.noaa.gov/teleconnections/enso/indicators/soi/) (Ropelewski and 

Jones, 1987). We also employ a long-term Interdecadal Pacific Oscillation (IPO) index 

available online 

(https://psl.noaa.gov/data/timeseries/IPOTPI/tpi.timeseries.ersstv5.data) (Henley et al., 

2015). The Marshall SAM Index (Marshall, 2003) is combined here with the Reanalysis 

20CRV2c SAM Index (Gong and Wang, 1999) to have a longer SAM record 

comparable to our target time window (1809−2019 CE). The Marshall SAM index on 

the annual scale can be downloaded from the link provided (http://www.nerc-

bas.ac.uk/public/icd/gjma/newsam.1957.2007.seas.txt), whereas the Reanalysis 

20CRV2c SAM Index is available online 

(https://psl.noaa.gov/data/20thC_Rean/timeseries/monthly/SAM/sam.20crv2c.long.dat

a). The DML05, DML07, DML17, and IND25 ice core data used in this study are 

available at the PAGES 2k repository (http://pastglobalchanges.org/science/wg/2k-

network/data). 

2.7 Statistical methods and tools  

2.7.1 Principal Component Analysis (PCA) 

The Principal Component Analysis (PCA) is a statistical technique commonly used to 

extract the common signal from proxy records of various climate parameters and their 

https://zenodo.org/record/1249604%23.YuoR5nZByUl
https://www.ncdc.noaa.gov/teleconnections/enso/indicators/soi/
https://psl.noaa.gov/data/timeseries/IPOTPI/tpi.timeseries.ersstv5.data
http://www.nerc-bas.ac.uk/public/icd/gjma/newsam.1957.2007.seas.txt
http://www.nerc-bas.ac.uk/public/icd/gjma/newsam.1957.2007.seas.txt
https://psl.noaa.gov/data/20thC_Rean/timeseries/monthly/SAM/sam.20crv2c.long.data
https://psl.noaa.gov/data/20thC_Rean/timeseries/monthly/SAM/sam.20crv2c.long.data
http://pastglobalchanges.org/science/wg/2k-network/data
http://pastglobalchanges.org/science/wg/2k-network/data
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controlling factors. The main purpose of this method is to reduce multidimensional 

datasets with many variables to simpler variability without losing any relevant 

information. This study uses PCA to extract the common signal from multiple 18O ice 

core records selected from the DML region. The scree plot showing the eigenvalue and 

biplot for the principal components is shown in Figure 2.11. The principal component 

with eigen value >1 is significant and can used to extract useful information. The 

implementation of principal component analysis in this study was facilitated through 

the utilization of XLSTAT software. The details of PCA performed on the ice cores are 

provided in Table 2.6, Table 2.7, and Table 2.8. 

 

Figure 2.11. Principal Component Analysis of multiple ice cores from the DML region. 

(a) Scree plot showing the eigenvalue of principal components. The principal 

component with an eigenvalue >1 is significant. The red line shows the cumulative % 

of the variation. Based on the eigenvalue, PC1 and PC2 are found to be significant. (b) 

Biplot for principal component analysis explains ~ 60% variability for PC1 and PC2. 

It also reveals that IND33 dominates the PC2, whereas the inland DML records 

dominate the PC1. 
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Table 2.6. Ice core records are used for principal component analysis. 

    18O (per mil)     

Ice core  
Time 

interval (CE)  
Minimum Maximum Mean 

Std. 

deviation 

DML07 1809-1993 -47.85 -41.69 -45.02 1.28 

DML17 1809-1993 -50.42 -42.76 -46.66 1.32 

DML05 1809-1993 -49.68 -40.64 -45.12 1.54 

IND33 1809-1993 -32.70 -27.68 -30.47 0.91 

 

Table 2.7. Eigenvalue and variability for principal components. 

  PC1 PC2 PC3 PC4 

Eigenvalue 1.26 1.08 0.89 0.76 

Variability (%) 31.61 26.95 22.37 19.06 

 

Table 2.8. Contribution of the variables (%) from selected ice cores. 

 

Ice core PC1 PC2 

DML07 34.64 4.47 

DML17 25.66 16.45 

DML05 34.92 18.12 

IND33 4.77 60.97 

2.7.2 Time series analysis 

Several statistical analyses, such as power spectrum, wavelet transform, and scaled 

average variance analysis, have been performed using MATLAB codes to better 

understand the variability and distinguish ocean-atmospheric climate oscillations in the 

proxy records obtained from the ice core. The details regarding the time series analysis 

are provided below. 

Power spectrum analysis: A Fortran 90 program (REDFIT) (Schulz and Mudelsee, 

2002) is used to test if peaks in the spectrum of a time series are significant against the 

red noise background from a first-order autoregressive (AR1) process. A Matlab code 

of this program available online (https://www.marum.de/Prof.-Dr.-michael-

schulz.html#software) is used to determine the significant periodicities against the red 

noise. 

https://www.marum.de/Prof.-Dr.-michael-schulz.html%23software
https://www.marum.de/Prof.-Dr.-michael-schulz.html%23software
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Wavelet analysis: Wavelet analysis decomposes the proxy-based ice core record into 

the time-frequency domain. The wavelet transform can be used to analyze time series 

that contain non-stationary power at many different frequencies. Wavelet transforms 

analysis enables us to identify the modes of variability and how those modes vary with 

time (Torrence and Compo, 1998). Statistical significance was estimated against a red 

noise model. A cross-wavelet analysis highlights the common highest power in two-

time series and is used to analyze the covariance of two-time series. Statistical 

significance is estimated against a red noise model. This wavelet analysis was 

performed using the Matlab code available (http://grinsted.github.io/wavelet-

coherence/). 

Scaled average variance analysis: Scale-averaged variance analysis was performed 

on the time series record to examine the fluctuations in the record over a specific 

frequency band. Consequently, ENSO and PDO-driven temperature variability and 

changes were extracted within their respective frequency band. The analysis was carried 

out using Matlab codes available online at http://paos.colorado.edu/research/wavelets/. 

 

http://grinsted.github.io/wavelet-coherence/
http://grinsted.github.io/wavelet-coherence/
http://paos.colorado.edu/research/wavelets/
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Chapter 3 

Rapid warming over East Antarctica since 1940s 
caused by increasing influence of ENSO and SAM 

3.1 Introduction 

The ice cores retrieved from different regions of Antarctica can be classified as low-

resolution (decadal to centennial-scale over low accumulation regions), long-term 

records (Dansgaard et al., 1993; EPICA community members, 2004; Jouzel et al., 2007; 

Petit et al., 1999; Stenni et al., 2004) and high-resolution (seasonally to annually 

resolved over high accumulation regions), short-term records (Divine et al., 2009; 

Nardin et al., 2021; Schneider et al., 2017; Thamban et al., 2020). In recent years, 

studies have highlighted the importance of high-resolution ice core-based temperature 

records to improve climate models and better projections for future climate (PAGES 2k 

Consortium, 2013; Stenni et al., 2017). The high-resolution satellite-based temperature 

record for Antarctica has been available only since the beginning of 1979, and few 

stations-based instrumental records since ~1950 (Turner et al., 2020), which are too 

short to discern the long-term temperature variability. Based on a compilation of 

multiple (n=112) ice core water isotope records from Antarctica, Stenni et al. (2017) 

have reconstructed the surface air temperature of Antarctica for the past two millennia. 

However, only a few long-term ice core records with annual or better resolution were 

available from the DML region for their compilation; hence such temperature 

reconstruction for this region might have considerable uncertainty. Coastal Antarctica 

is a region of higher precipitation and accumulation (Naik et al., 2010; Thomas et al., 

2017; Turner et al., 2019) and hence are ideal sites for the reconstruction of high-

resolution climate records to resolve sub-annual to decadal climate variability related to 

temperature, precipitation, sea ice, dust, and solar cycles (Abram et al., 2007; Laluraj et 
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al., 2020; Laluraj et al., 2010; Laluraj et al., 2014; Masson-Delmotte et al., 2008; 

Mulvaney et al., 2012; Rahaman et al., 2019; Rahaman et al., 2016). Therefore, more 

stable water isotope records are needed from this region to reduce the uncertainty of the 

temperature reconstructions and improve our current knowledge of the long-term 

temperature variability, changes, and controlling factors.  

 The oxygen isotope ratios (18O) in ice core records have been widely used to 

reconstruct past temperatures (Dansgaard et al., 1969; Picciotto et al., 1960) and to infer 

the changes in moisture sources for precipitation (Noone and Simmonds, 2002). Several 

studies have demonstrated that the 18O proxy records show a profound influence of 

large-scale atmospheric circulation patterns around Antarctica on interannual to decadal 

and multi-decadal scales (Goodwin et al., 2016; Okumura et al., 2012; Yuan et al., 

2018). Anomalous changes in sea surface temperature (SST) over the tropical Pacific 

associated with the El Niño Southern Oscillation (ENSO) and decadal to interdecadal 

Pacific oscillations significantly contribute to Antarctic temperature (Goodwin et al., 

2016; Rahaman et al., 2019). Even with their distant origin in the equatorial Pacific, the 

ENSO strongly influences the southern extra-tropical and Antarctic climate via 

atmospheric teleconnections generated by Rossby wave trains (Ding et al., 2011; Jin 

and Kirtman, 2009; Turner, 2004). Further, Southern Annular Mode (SAM) has been 

demonstrated as the most dominant mode of climate variability in the Southern 

Hemisphere (Marshall, 2003); the positive phase of SAM is associated with low-

pressure anomalies over Antarctica and high-pressure anomalies over mid-latitudes and 

vice-versa (Abram et al., 2014; Marshall, 2003; Marshall et al., 2006; Thompson and 

Wallace, 2000; Turner et al., 2005). The SAM generally shows a dipole response to the 

East Antarctic and Antarctic Peninsula temperature; a strong correlation between 

temperature and SAM is observed across the Antarctic Peninsula during the positive 
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SAM, and the opposite is found in East Antarctica (Kwok and Comiso, 2002b; 

Thompson and Solomon, 2002). Therefore, the shifting of SAM to a positive phase in 

the last several decades is expected to contribute to cooling across East Antarctica. 

However, studies from the Dronning Maud Land (DML) region of East Antarctica do 

not show any significant trends before 1900 CE; a significant warming trend has been 

observed in the last century (Stenni et al., 2017). Therefore, obtaining more spatially 

distributed long-term proxy records from the DML region is necessary to investigate 

the processes and factors that controlled the temperature variability and its trend in this 

part of Antarctica. Further, such studies will help improve our understanding of the 

influence of climatic modes and Pacific oscillations on the Antarctic temperature 

variability in response to the recent global warming. 

This study envisages extracting temperature signals from multiple ice core 18O 

records and reconstructing the temperature of the past two centuries using a newly 

retrieved high-resolution ice core record along with other available 18O records from 

the DML region. Such spatially distributed high-resolution records from the DML 

region have enabled us to assess the interannual to decadal variability in temperature 

during the past two centuries and investigate factors contributing to these changes. 

3.2 Results and Discussion 

3.2.1 Variability in 18O Records from DML Region and Implications 

on Temperature Trends 

The temporal variations of 18O in the IND33 ice core are shown in (Figure 3.1a). 

This new ice core from the coastal DML region offers a high resolution (seasonal-

annual scale) record of 18O; higher values are observed in summer and lower values in 

winter. The 18O values of the IND33 ice core range from -27.6‰ to -32.70‰ with a 

mean value of -30.47‰ ± 0.89‰. To better understand regional climate variability on 
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a longer time scale, we have selected three ice core records (DML05, DML07, and 

DML17) from the inland region of DML, which are in close proximity to the IND33 

record. The annual 18O variability in DML ice cores is shown in (Figure 3.1b, c, d). 

Although these ice cores show large variability, they don’t show a discernible common 

trend. The three inland ice cores from DML are close to each other within a few 100 

km distances and show mean 18O values ranging from -45‰ to -46.7‰ (Graf et al., 

2002). The ice cores in this study were selected based on the following criteria: (i) ice 

core records should have a common time interval of at least past two centuries with a 

time resolution of at least annual or better, (ii) the top part of the record should have a 

reasonable number of overlapping years with the available instrumental/reanalysis data 

for calibration with confidence (iii) the region from where the cores were selected 

should come under the significant influence of ENSO and SAM. 
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Figure 3.1 Annual 18O record of ice cores used in this study. 
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(a) IND33 ice core 18O record (1809–2013 CE) is compared with the DML ice core 

records (b) DML07, (c) DML17, and (d) DML05 of their common time interval (1809–

2013 CE).  

Several studies have demonstrated that 18O records in ice cores are influenced 

by several factors, such as temperature (Petit et al., 1999; Stenni et al., 2017), sea ice 

variability (Ejaz et al., 2021), precipitation (Fujita and Abe, 2006), and post-

depositional changes related to exchange of water vapor between surface snow and 

atmosphere through diffusion (Landais et al., 2017). As a result, the 18O records 

represent a composite signal of various meteorological parameters and post-

depositional processes and hence cannot be directly used to decipher climate variability. 

A previous study from this region has observed that the selected 18O ice core records 

are only weakly correlated with ERA5 annual surface air temperature (Ejaz et al., 2021). 

Therefore, principal component analysis (PCA) was performed on these four 18O 

records within their common time window (details provided in chapter 2) to 

deconvolute different climate signals embedded in the 18O records and finally to 

extract a common temperature signal which is representative over a large region of 

DML.  

The 18O record in the ice core is influenced by several other factors, such as 

temperature, sea ice concentration, precipitation, and winds. However, surface air 

temperature is the dominant factor among the meteorological parameters that explain 

maximum variability in 18O ice core records from Antarctica (Masson-Delmotte et al., 

2008; Rahaman et al., 2019). Therefore, the first principal component (PC1), which 

explains maximum variability (~32%), is dominantly related to the air temperature 

(Rahaman et al., 2019). Further, the second principal component (PC2) , explains ~27 

% variability of 18O record is related to sea ice variability (Ejaz et al., 2021). The other 
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principal components, such as PC3 and PC4, are not significant (eigenvalues <1); 

therefore, they were not considered for further investigation. This study carried out a 

more rigorous investigation based on Pearson correlation analysis between PC1 and 

annual/seasonal surface air temperature shown in Figure 3.2. PC1 is found to be weakly 

correlated with the ERA5 annual surface air temperature averaged across the grid box 

over the DML region (71.5°S to 75.5°S; 11.0°E to 5°W) from 1979 to 1993 CE (r=0.33, 

p>0.05) (Figure 3.2a). 
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Figure 3.2 Correlation of PC1 with annual and seasonal ERA5 surface air temperature. 

 (a) PC1 correlation with ERA5 annual surface air temperature anomaly averaged over 

the DML region (71.5°S to 75.5°S; 11.0°E to 5°W). PC1 correlation with ERA5 surface 

air temperature anomaly averaged over the DML region during (b) Summer (DJF), (c) 

Autumn (MAM), (d) Winter (JJA), (e) Spring (SON), and (f) Late-spring to summer 

(NDJ). The strong correlation between PC1 and ERA5 surface air temperature (r=0.73, 

p<0.05, 1979−1993 CE, lag=1year) is observed during late spring to summer (NDJ). 
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The correlation between PC1 and temperature is not found to be significant 

during summer (DJF) and autumn (MAM) (Figure 3.2b, c). However, the ERA5 surface 

air temperature shows a strong correlation with PC1 (r= 0.73, p<0.05, lag = 1 year) 

during the late spring to summer (NDJ) season for the period 1979–1993 CE (Figure 

3.2f). It is interesting to note that such a strong temperature correlation is not observed 

during winter (JJA) and spring (SON) seasons (Figure 3.2d-e), possibly due to strong 

cyclonic activity and blowing wind causing reworking and redistribution of 

accumulated snow (Mills et al., 2019; Mott et al., 2018). Our ERA5 seasonal 

temperature PC1 correlation analysis shows a significant correlation mainly observed 

during the season of reduced surface wind speed. In contrast, correlation is not observed 

during the season of high surface wind speed (winter) due to the intense reworking of 

freshly deposited snow in cyclonic activity. The maximum correlation is observed 

during the late spring to the summer season (NDJ) when accumulation was reasonably 

higher (Figure 3.3a), and wind speed was lower to moderate (Figure 3.3b) and thus 

suitable for better preservation of climate signals in the deposited snow/ice sheet. 
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Figure 3.3 RACMO2 model monthly averaged precipitation and ERA5 monthly 

averaged surface wind speed. 

 (a) RACMO2 (van Wessem et al., 2018) model aggregate monthly precipitation over 

the DML region (71.5°S to 75.5°S; 11.0°E to 5°W) from 1979–2013 CE. (b) ERA5 

monthly averaged surface wind speed (m/s) over the DML region (71.5°S to 75.5°S; 
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11.0°E to 5°W) from 1979–2013 CE. Error bar (1σ) represents precipitation and wind 

speed fluctuations during the representative month for the due period. Red and green 

dotted lines are drawn from the center of the bar plot to show precipitation and wind 

patterns during the different seasons. During April-May-June and October-November-

December, the DML region is experiencing periods of high precipitation. In the case of 

surface wind patterns over the DML region, a high-speed wind during the winter caused 

freshly deposited snow to be reworked, but a low-speed wind during the summer 

resulted in less snow reworking.  

The spatial correlation between PC1 and ERA5 surface air temperature during 

the NDJ season establishes a robust relation (Figure 3.4a). The spatial correlation is 

significant over the DML region during 1979−1993 CE. Therefore, for the 

reconstruction of the DML temperature, we have used the regression equation derived 

from the correlation between the PC1 and NDJ temperature anomaly. 

 

Figure 3.4. Correlation of PC1 with seasonal ERA5 surface air temperature. 

(a) Spatial Correlation of Principal Component 1 (PC1) with seasonal (Nov-Dec-Jan) 

ERA5 surface air temperature record for the period of 1979−1993 CE. Stippling 

indicates statistically significant correlations (95% confidence level). (b) PC1 shows a 

significant correlation with seasonal (Nov-Dec-Jan) ERA5 2m temperature anomaly 

averaged over the DML region (71.5°S to 75.5°S; 11.0°E to 5°W) (r= 0.73, n=15, 

p<0.05, 1979−1993 CE, lag = ~1 year). 
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The temperature anomaly record (1809−1993 CE) of the DML region is 

reconstructed based on the linear regression equation derived from PC1 and the ERA5 

NDJ temperature correlation (Figure 3.4b). Further, the ERA5 surface air temperature 

anomaly for the DML region (1994−2019 CE) is combined with our reconstructed ice 

core temperature record to determine the recent trend in the temperature record. The 

combined record of reconstructed and reanalysis ERA5 temperature anomaly records 

for the past two centuries (1809−2019 CE) enables us to determine the long-term trend 

in the DML temperature anomaly (Figure 3.5) and the influence of climate modes on 

temperature variability. To discern the significant long-term trend, a Mann-Kendall test 

(Kendall, 1975) was conducted and determined the breaking points of the trends in the 

temperature record. Accordingly, two significant trends have been identified in the 

DML temperature record (Figure 3.5). The reconstructed temperature record revealed a 

significant cooling trend during 1809−1907 CE (n=98, p<0.05) with a rate of −0.164  

0.045 °C decade-1
,
 followed by a significant warming trend with a rate of +0.452  0.056 

°C decade-1 during 1942−2019 CE (n=77, p<0.05). A recent study has shown that, 

during the past two decades (1998−2016 CE), a more rapid increase in the temperature 

(+1.1  0.7 °C decade-1) has been observed in western Dronning Maud Land (Medley 

et al., 2018). Our study is also consistent with the rapid warming trend in recent decades. 

Therefore, it is essential to identify the potential drivers and their role in controlling the 

DML temperature trends and variability in the past two centuries. 
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Figure 3.5. Reconstructed surface air temperature of DML region and trend analysis. 

Trend analysis of the reconstructed surface air temperature anomaly record of the DML 

region, East Antarctica. The temperature anomaly was calculated based on the linear 

regression equation derived from the correlation between PC1 and ERA5 temperature 

anomaly (NDJ). The reconstructed mean annual surface air temperature anomaly 

demonstrates a significant (p<0.05) declining trend during 1809–1907 CE and a 

significant (p<0.05) increasing trend during 1942–2019 CE. The reconstructed 

temperature anomaly curve is shown in the red line (1807−1993 CE), while the black 

curve denotes the ERA5 2m temperature anomaly record for 1994−2019 CE. The red 

color shade represents the error envelope on the reconstructed temperature, and the 

dashed straight lines indicate trend lines. 

3.2.2 Role of ENSO, IPO, and SAM on Temperature Variability during 

the Last Two Centuries 

Tropical Pacific oscillations such as ENSO, IPO, and their teleconnections to 

Antarctica in space and time, particularly in the recent global warming, are not well 

understood. To identify dominant periodicities associated with the climate modes and 

their temporal evolutions during the past two centuries, a spectral analysis (Schulz and 

Mudelsee, 2002) was performed on the temperature anomaly record (Figure 3.6a) 
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(1809−2019 CE). The spectral analysis revealed significant (95% 2 level) periodicities 

of 5.2 and 15 years (Figure 3.6b). Further, a continuous wavelet analysis of the 

temperature record was performed to understand the influence of ENSO and IPO on 

DML temperature during the past two centuries and their temporal evolution (Figure 

3.6c). Morlet wavelet transform (Torrence and Compo, 1998) is used to analyze non-

stationary climate signals in the temperature record, which enable us to identify 

significant (at 95% significance level) periodicities and their links to ENSO and IPO. 

This highlights the maximum power of lower frequencies in the decadal band (12–18 

years) during 1830–1870 CE and 1910–1950 CE, whereas, after the 1930s, high-

frequency ENSO signals within the (2–8 years) band become more prominent. The 

variance at the ENSO band shows an increasing trend in the last century (Figure 3.6d), 

which is consistent with the earlier report from East Antarctica (Rahaman et al., 2019). 
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Figure 3.6. The power spectrum, wavelet, and scaled averaged variance analysis of 

reconstructed surface air temperature anomaly. 

(a) Reconstructed temperature anomaly record combined with ERA5 surface air 

temperature anomaly records (1809–2019 CE). (b) Spectral analysis of temperature 

anomaly shows significant periodicities of 15 and 5.2 years (95% 2 level). (c) Wavelet 

analysis of the temperature anomaly record highlights significant periodicities in the 

color band. (d) Scaled average variance analysis at two bands, namely, 2–8 years and 

12–18 years frequency bands. 

In order to deconvolute the signals of ENSO and IPO, bandpass filters were 

applied at 2−8 years and 12−18 years bands (Figure 3.7a–b). The bandpass filtered 

temperature record at 12−18 years band shows anti-phase relation with that of the IPO 

index throughout the record (except for 1890−1920, and 1960−1980 CE). This anti-

phase relation between temperature and IPO was more prominent from 1920−1950 CE. 

A cross-wavelet analysis (Grinsted et al., 2004) between the DML temperature anomaly 

record and the Southern Oscillation Index (SOI) reveals the highest common power at 
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2−8 years band (Figure 3.7c). This shows a systematic increase from lower to higher 

frequencies at the ENSO band in the 20th century. This is consistent with the earlier 

reports of increasing ENSO activity and its influence on the Antarctic temperature 

(Otto-Bliesner et al., 2016; Rahaman et al., 2019; Schmidt et al., 2012; Yeh et al., 2018). 

Cross-wavelet analysis between DML temperature and IPO shows a strong anti-phase 

relation between 1920−1950 CE (Figure 3.7b).  

Figure 3.7. Cross wavelets transform analysis of surface air temperature anomaly with 

SOI and IPO. 

Annual variability in temperature anomaly record with (a) SOI (1866–2019 CE) 

(Ropelewski and Jones, 1987), (b) IPO (1854–2019 CE) (Mantua and Hare, 2002). 

Cross-wavelet analysis of DML temperature anomaly with (c) SOI and (d) IPO. The 

thick black line depicts the cone of influence. The relative phase relationship is shown 

as arrows (with in-phase pointing right, anti-phase pointing left, temperature leading 

SOI or PDO by 90° pointing straight down and vice versa). 
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To understand the role of ENSO in modulating the temperature over the DML 

region, it is important to investigate the spatial variability of temperature during the El 

Niño (warm) and La Niña (cool) phases. Accordingly, we have used the ERA5 2m 

temperature anomaly for strong El Niño (1987, 1997, 2002, and 2016) and La Niña 

phases (1989, 1999, 2000, and 2010) to highlight the temperature variability during 

ENSO events. During the El Niño events, the spatial anomaly plots show an increase in 

surface temperature over the DML region (Figure 3.8 a,b,c,d). In contrast, it shows 

reduced surface temperature over the DML region during the La Niña events (Figure 

3.8 e,f,g,h). 
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Figure 3.8. Surface air temperature anomaly during strong El Niño and La Niña years. 

Spatial anomaly plots of ERA5 2m temperature during strong El Niño events (1987, 

1997, 2002, and 2016) (a-d) and La Niña events (1989, 1999, 2000, and 2010) (e-h). 

During El Niño events (a-d), the anomaly plots show an increase in 2m temperature. In 

contrast, the La Niña events (e-h) highlight decreasing 2m temperature over the DML 

region of east Antarctica. 
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The spatial composite anomaly record of mean surface ERA5 temperature 

during El Niño years also shows a strong positive anomaly over the DML region, 

indicating a significant increase in temperature during these events (Figure 3.9a). 

Similarly, during the La Niña years, the composite temperature anomaly record shows 

effective cooling across the DML region (Figure 3.9b). 

 

Figure 3.9. Spatial temperature variability during El Niño and La Niña year.  

The composite ERA5 surface air temperature anomaly map for the (a) El Niño and (b) 

La Niña years. During El Niño years, the ERA5 surface air temperature anomaly shows 

a positive anomaly, while the opposite is observed during La Niña years over the DML 

region.  
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The teleconnections between the tropical Pacific and Antarctica are determined 

by the well-established dynamics of Rossby wave trains (Hoskins and Ambrizzi, 1993; 

Lachlan-Cope and Connolley, 2006). The atmospheric signature of this wave train is 

reflected in the Pacific South American (PSA) pattern during ENSO events (Li et al., 

2021; Mo and Higgins, 1998). Rossby wave trains are caused by convective heating of 

the tropical atmosphere (Ding et al., 2012; Fogt et al., 2011; Li et al., 2021) and 

propagate with alternating highs and lows in the atmosphere, curved poleward and 

eastward towards Antarctica (Clem and Fogt, 2013). Once reaching Antarctica, they 

interact with the Amundsen Sea Low (ASL) and further combine into interannual 

variability, which is influenced by SAM (Clem et al., 2016). Nonetheless, it is also 

essential to understand the heat transfer during the El Niño and La Niña years to better 

understand the mechanism behind the temperature variability in the DML region. 

Towards this, we have used the vertical integral of the northward heat flux during El 

Niño and La Niña years. The anomaly plots of vertical heat flux (W m−2) show strong 

positive anomalies over the DML region during the La Niña years (Figure 3.10a), 

suggesting increased northward transport of heat (Isaacs et al., 2021). While during the 

El Niño years, we observed a strong negative heat flux over the DML region (Figure 

3.10b), suggesting a strong tropical heat transfer towards the DML region during El 

Niño events. This highlights the role of ENSO and its atmospheric teleconnections in 

modulating the temperature variability in the DML region of east Antarctica. 
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Figure 3.10. Spatial variation of heat flux anomaly over the DML region during ENSO 

events. 

Heat flux anomaly during El-Niño and La-Niña years. Panel (a) and (b) show composite 

anomaly plots of the ERA5 vertical integral of the northward heat flux (W m−2) for the 

La Niña years and El Niño years, respectively, during 1979−2019 CE. The negative 

anomaly of the vertical integral of the northward heat flux (W m−2) suggests heat 

transfer from north to south. It indicates an increase in temperature over the DML 

region of East Antarctica and vice versa.  

SAM is the primary climate mode in the Southern Hemisphere; hence, it is 

important to understand how it influenced DML temperature variability. In addition to 

the Rossby wave trains, ENSO signals are transmitted to the Antarctic region through a 

coupled interaction with SAM (Clem and Fogt, 2013). It is, therefore, necessary to 

understand the SAM-ENSO coupled interaction and its possible impact on surface air 

temperatures over the DML region. SAM is derived as the leading mode of Empirical 

Orthogonal Function (EOF) of Mean Sea Level Pressure (MSLP) between 20°S and 

75°S (Lim and Hendon, 2015; Marshall et al., 2012). Accordingly, to understand the 

role of SAM-ENSO coupled interaction and its influence on the surface air temperature 



77 

 

of the DML region, we have used MSLP during the positive and negative SAM (pSAM 

and nSAM) years and correlated with ERA5 surface air temperature during the El Niño 

and La Niña years. During pSAM and El Niño years, MSLP is inversely related to 

ERA5 surface air temperatures, whereas a strong positive correlation is observed during 

the La-Niña years (Figure 3.11a-b). Furthermore, during nSAM and El-Niño years, 

MSLP is strongly correlated with the surface air temperature, whereas it is inversely 

related during La-Niña years (Figure 3.11c-d). In the above case, we have observed two 

modes of SAM-ENSO interactions; (i) pSAM/La Niña and nSAM/El Niño are in-phase 

(Figure 3.11b-c) and (ii) pSAM/El Niño and nSAM/La Niña are anti-phase (Figure 

3.11a-d). There is a possibility of stronger teleconnections between ENSO and the 

Southern Pacific, based on the above in-phase pattern observed in case (i) and found to 

be consistent with earlier studies (Fogt and Bromwich, 2006; Fogt et al., 2011). 

In contrast, the teleconnections became significantly weaker in the case of (ii) 

when there was an anti-phase relation (Fogt et al., 2011). Previous studies observed that 

periodic break out of anticyclonic waves occurs more frequently during the La Niña 

phase, generating high zonal wind anomalies that propagate the low-pressure anomalies 

poleward (60° S) during the pSAM years (Clem and Fogt, 2013). On the other hand, 

reverse conditions are often prevalent during El Niño events, which lead to positive 

pressure anomalies over the higher latitude and nSAM phases (Clem and Fogt, 2013). 

Therefore, our study supports the additional role of coupled interaction of SAM-ENSO 

in regulating the surface air temperature over the DML region. 
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Figure 3.11. Mean Sea Level Pressure (MSLP) correlates with surface air temperature 

during positive and negative SAM indices. 

MSLP during the Positive SAM (pSAM) years is correlated with ERA5 surface air 

temperature during (a) El Niño Years and (b) La Niña Years. MSLP during the negative 

SAM (nSAM) years is correlated with ERA5 surface air temperature during (c) El Niño 

Years and (d) La Niña Years. 
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The Marshall SAM index (Marshall, 2003), regressed with ERA5 reanalysis of 

annual surface air temperature for 1957−2019 CE, highlights a positive correlation 

across the western and central DML (Figure 3.12a). To understand the influence of the 

SAM-temperature relationship on a longer time scale, we have combined the Marshall 

SAM Index with the reanalysis 20CRV2c SAM index for an extended SAM record and 

compared it with the DML temperature record (Figure 3.12b). It is noteworthy that this 

extended SAM record shows its highest values and increasing trend in recent decades, 

similar to the temperature anomaly record shown in Figure 3.12c. This indicates that 

the warming trend since the 1940s is concomitant with the shifting of SAM to a positive 

phase. Such a positive shift could be attributed to the warming trend in the eastern DML 

for the last seven decades. 

Further, a wavelet coherency between SAM−SOI records (1851−2019 CE) 

shows significant anti-phase relation between SAM at the decadal band since ~1940, 

which coincides with the warming trend in the DML region (Figure 3.12e). Compared 

to this, significant in-phase relation at 12−18 years band during 1880−1920 CE 

coincides with the cooling trend (Figure 3.12e). Therefore, we suggest that 

SAM−ENSO phase relation influence the DML surface air temperature variability at 

annual to multi-decadal scales. 
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Figure 3.12. Correlation of SAM index with surface air temperature and wavelet 

coherence analysis between SAM and SOI. 

(a) Spatial correlation of Marshall SAM Index (Marshall, 2003) with ERA5 reanalysis 

surface air temperature during (1957−2019 CE). Stippling indicates statistically 

significant correlations (95% confidence level). (b) The Marshall SAM Index combined 

with the long-term 20CRV2c SAM record (Gong and Wang, 1999) is compared with the 

DML temperature anomaly record. The reconstructed DML temperature anomaly 

record broadly follows the combined SAM records during their respective time 

intervals. (c) Annual reconstructed temperature anomaly record (1809−1993 CE) is 

combined with ERA5 reanalysis surface temperature (1994−2019 CE). (d) The SAM 

Index record is compared with the SOI record (Ropelewski and Jones, 1987). (e) 

Wavelet coherence between the combined SAM and SOI records (1851−2019 CE). The 

black contours indicate 95% of confidence, based on a red noise model. The thick black 

line indicates the cone of influence. The relative phase relationship is shown as arrows 
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(with in-phase pointing right, anti-phase pointing left, SAM leading SOI 90° pointing 

straight up and vice versa).  

3.3 Conclusions 

A high-resolution 18O record (1809−2013 CE) retrieved from a coastal region 

integrated with published ice core records from Dronning Maud Land (DML) in East 

Antarctica was used to investigate the factors that influenced oxygen isotope variability 

during the last two centuries. A principal component analysis (PCA) of the 18O records 

was performed to extract the surface air temperature signal and reconstruct the 

temperature record of the DML region from 1809−1993 CE. The reconstructed surface 

air temperature record (1809−1993 CE) combined with ERA5 reanalysis temperature 

anomaly record 1994−2019 CE was used to investigate the long-term trends, variability, 

and its link to various climate modes like SAM, ENSO, and IPO. The reconstructed 

DML temperature anomaly record shows a significant cooling trend at a rate of −0.164 

± 0.045 °C decade-1 during 1809−1907 CE, followed by a significant warming trend at 

a rate of +0.452 ± 0.056 °C decade-1 during the recent decades (1942−2019 CE). Our 

study revealed that ENSO coupled with SAM are the primary factors that modulate the 

surface air temperature variability in the DML region. Although the temperature signals 

at the ENSO band were persistent during the past two centuries, an increased shift from 

low (12−18 years band) to high-frequency (2−8 years band) oscillations was observed 

since the 1940s. We suggest that the shifting of SAM to a positive phase, coupled with 

increasing influences of ENSO in this part of Antarctica, has resulted in such dramatic 

warming of the DML region in recent decades. 
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Chapter 4 

Sea ice variability and trends in the Western Indian 
Ocean Sector of Antarctica during the past two 
centuries and its response to climatic mode 

4.1 Introduction 

Recent climate change and its impact on Antarctica are poorly understood due 

to the lack of a network of long-term high-resolution climate records. Instrumental 

temperature records with a reasonable spatial coverage scale have been available only 

since 1958 (Nicolas and Bromwich, 2014). Although high-resolution, continuous 

Spatio-temporal records of Antarctic climate have been available since the beginning 

of the satellite era in 1979, these are too short to discern long-term trends and variability 

at annual to multi-decadal scales (Turner et al., 2005). Antarctic ice cores provide high-

resolution climate records, which can go beyond instrumental records. To understand 

past climate variability and long-term changes at various time scales, several deep ice 

cores have been retrieved since the 1950s from Antarctica to reconstruct high-resolution 

climate records. 

Coastal Antarctica typically receives higher precipitation than the interior 

plateau; therefore, coastal ice cores are ideal for assessing the annual to decadal climate 

variability (Curran et al., 2003; Goursaud et al., 2019; Naik et al., 2010; Turner et al., 

2019). Coastal ice cores from Antarctica are sensitive enough to register and preserve 

even short-term fluctuations and changes in climate parameters such as accumulation, 

temperature, sea ice, dust influx, solar activity, and volcanic events (Abram et al., 2007; 

Masson-Delmotte et al., 2008; Mulvaney et al., 2012; Naik et al., 2010; Rahaman et al., 

2016; Schneider et al., 2004; Thamban et al., 2006). Nevertheless, reconstruction of 

these parameters based on the ice core records is often complicated due to the non-linear 
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relation between proxies and non-stationary climate signals, as well as the influence of 

multiple factors that operate on a more local/regional scale, especially in the coastal 

regions (Abram et al., 2013). Therefore, challenges remain to deconvolute the climate 

signals from the ice core proxy records and to recognize forcing factors that influence 

Antarctic climate variability.  

Among the Antarctic climate variables, sea ice is one of the least studied but 

critical components of the ocean and climate system. Changes in sea ice cover in the 

Southern Ocean strongly influence the energy-mass exchange processes and change in 

temperature gradient which further modulates heat exchange between ocean and 

atmosphere (Deb et al., 2017; Raphael, 2003; Simmonds and Xingren, 1993). Sea ice 

variations can modulate global ocean circulations and climate through changes in 

bottom water formation (Ohshima et al., 2013; Yabuki et al., 2006) and the storage 

capacity of atmospheric CO2 into ocean deep abyss (Sloyan, 2006). Satellite records 

available since 1979 show that the Antarctic sea ice has been undergoing dramatic 

changes in various oceanic sectors (Eayrs et al., 2019). However, there is no consensus 

yet on the drivers that control sea ice variability and changes (Hobbs et al., 2016; Jones 

et al., 2016).  

Sea ice cover over the Antarctic region is mainly controlled by variations in 

ocean-atmosphere circulations (Carleton, 1989; Ferrari et al., 2014). Recent studies 

show a significant increasing trend in Antarctic sea ice cover associated with the 

strengthening of westerlies due to the shifting of the Southern Annular Mode (SAM) to 

the positive mode (Holland and Kwok, 2012; Liu et al., 2004; Marshall, 2003; Spence 

et al., 2010); El Niño Southern Oscillation (ENSO)-SAM teleconnections and 

interdecadal variability of Pacific Decadal Oscillation (PDO) (Kwok and Comiso, 

2002b; Yu et al., 2017); stratospheric ozone depletion (Marshall et al., 2004; Sigmond 
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and Fyfe, 2014; Thompson et al., 2011) and increased basal melting of ice shelves due 

to rising in SST over the Southern Ocean (Bintanja et al., 2013). Recent studies have 

shown a significant increase in sea ice cover in the Indian Ocean sector from 1979−2015 

CE (Deb et al., 2017; Jena et al., 2018). The available satellite sea ice record is 

insufficient to discern long-term trends and variability; thus, it is difficult to understand 

whether this recent variability and changes are part of the long-term cyclicity. To 

address these questions, it is important to have annually resolved long-term sea ice 

records of various oceanic sectors. 

Several chemical species measured in ice cores have been used as a proxy for 

reconstructing long-term SIC records. However, their concentrations could also be 

affected by several factors other than the SIC, such as changes in moisture source 

conditions, wind pattern, and transportation pathways, distance from the moisture 

sources, number of successive precipitation events of the moisture parcel during the 

transportation and post-depositional changes related to species migration in firn/ice 

(Thomas et al., 2019). In addition, some of the chemical proxies have been used to 

reconstruct SIC based on the relationship between the ionic concentration records with 

the satellite SIC record; however, their relationship is not consistent, and sometimes 

they even show opposite relations in different oceanic sectors of Antarctica (Thomas et 

al., 2019). For example, ice core sea salt sodium (Na+) records show a positive 

correlation in the west Antarctic sectors (Sneed et al., 2011) and the Weddell Sea sector 

in east Antarctica (Rahaman et al., 2016). However, this relationship is not consistent 

in other sites (Abram et al., 2013). Several ice cores accumulation records from 

Antarctic Peninsula and the West Antarctic ice sheet suggest a strong inverse correlation 

with sea ice (Porter et al., 2016; Thomas and Bracegirdle, 2015); however, it is poorly 

correlated with chemical species at the same sites (Abram et al., 2010). Therefore, more 
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observations and reconstructions are required to understand the precise mechanism 

related to the variations of chemical species with sea ice. An organic aerosol component 

such as methanesulfonic acid (MSA) is used as a potential sea ice proxy. Coastal ice 

cores show statistically significant correlations between MSA and sea ice (Abram et al., 

2010; Foster et al., 2006; Thomas and Abram, 2016; Welch et al., 1993; Xiao et al., 

2015). However, several caveats are attached with the application of MSA as a sea ice 

proxy, and more site-specific observations are needed to understand the process that 

controls the sea ice formations (Röthlisberger et al., 2010).  

It has been suggested that sea ice variability may affect stable water isotope 

records from coastal ice cores, mainly from Antarctic Peninsula, West Antarctica, and 

the Ross Sea region (Holloway et al., 2016; Thomas et al., 2013). Stable water isotope 

ice core records were also used to understand the sea ice variability during the last 

interglacial period (Holloway et al., 2017; Holloway et al., 2016). Though few coastal 

ice cores have been studied, however, so far, limited efforts have been made to 

reconstruct past sea ice conditions in the proximal oceanic sectors based on these ice 

core records. 

In the present study, we have reconstructed past sea ice concentration (SIC) 

records based on a newly retrieved high-resolution ice core 18O record (1809–2013 

CE) together with available records from Droning Maud Land (DML), east Antarctica. 

We provide an annually resolved longest SIC record (1809–1993 CE) of Antarctica's 

Western Indian Ocean Sector (WIOS). The reconstructed SIC record combined with 

that of the satellite-based record has enabled us to discern the long-term trend and 

variability during the past two centuries (1809–2019 CE). This long-term SIC record 

will offer an opportunity to investigate forcing factors/drivers contributing to the 

variability and changes at interannual to multi-decadal time scales. 
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4.2 Results and Discussion 

4.2.1 Accumulation rates at the IND33 core site  

Age-depth relationship and density profiles of the IND33 ice core were used to 

calculate annual accumulation rates at the core site. The accumulation rate in the IND33 

ice core site shows large variability (Figure 4.1); it ranges from 114 to 726 kg m-2 a-1 

with an average of 388 ± 113(1) kg m-2 a-1. The temporal variability in accumulation 

rates reveals relatively higher values until 1910 CE and a discernible decreasing trend 

(1910−2013 CE) (Figure 4.1). The mean accumulation rate of the IND33 ice core falls 

within the reported range from DML and is comparable with the published records from 

this region (Divine et al., 2009; Thomas et al., 2017). The annually resolved 18O record 

does not show any significant relation with the accumulation (r=0.0014, n=205, p>0.05) 

(Figure 4.1). This indicates that 18O papers from the coastal DML sites did not undergo 

significant post-depositional processes. Hence, these records can be used to reconstruct 

the past climate of the DML region. 
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Figure 4.1. Annual variation in accumulation rate and 18O records of the IND33 ice 

core. 

4.2.2 Ice core 18O records from the DML 

The 18O values of the IND33 ice core range from -27.6‰ to -32.7‰ with a mean value 

of -30.5 ± 0.9‰. The 18O profile reveals large variability in the coastal DML record 

with an increasing trend approximately from -32 to -28‰ during 1809−1860 CE and 

thereafter decreased to -32.5‰ during 1884/1885 CE (Figure 4.2a). It is important to 

note that 18O record showed a monotonous increase in the 20th century. To have a 

regional perspective, we have compared our record with the three ice core records 

(DML05, DML07, and DML17) from the inland DML region. Although the 18O 

anomaly records of these selected cores show considerable variations, overall, they 

follow a similar trend with a positive shift during ~1930−1993 CE (Figure 4.2b). 

Further, a composite anomaly in these records also shows a long-term declining trend 

which ended in the early 20th century, followed by a discernible increasing trend with 

higher amplitude variations (Figure 4.2b). We have also plotted a composite anomaly 

without an IND33 record that follows a similar pattern (Figure 4.2c).  
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Figure 4.2. Ice core 18O record and anomaly in the selected 18O record from the DML 

region. 

 (a) The 18O record of IND33 core (1809–2013 CE). (b) The 18O records of other 

published ice cores (DML05, DML07, and DML17) along with that of IND33 within a 
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common time window (1809−1993 CE). The thick backline denotes a composite 

anomaly record of selected ice cores. (c) Composite 18O anomaly record of DML ice 

cores (DML05, DML07, and DML17) (1809−1993 CE), excluding the IND33. 

In recent years, isotope-enabled climate models have been employed to decipher 

isotopic signal variations in global precipitation related to climate variables (Risi et al., 

2012). The European Centre Hamburg Model (ECHAM5-wiso) is an atmospheric 

general circulation model enabled with stable water isotopes that capture global 

precipitation signals (Werner et al., 2011). Therefore, the large-scale spatio-temporal 

record of 18O record of Antarctic precipitation will help us to interpret the point source 

ice core 18O record in a longer time scale. We have compared our 18O records with 

the model simulation output performed at spectral truncation T106 (corresponds to grid 

resolution ~1°×1°) using monthly historical sea ice and sea surface temperature from 

Hadley Centre (HadlSST) (Rayner et al., 2003) with boundary conditions for the period 

1871–2011 CE (Steiger et al., 2017). Comparing the IND33 ice core 18O record with 

the ECHAM5-wiso model output at the core site shows good agreement in the long-

term trends. However, several short-term excursions were not captured in the model 

output (Figure 4.3a). Further, the amplitude of the fluctuations in the IND33 18O record 

show higher values than that of the ECHAM5-wiso model. But comparing a single 

record with ECHAM5-wiso output might be tricky because individual records could be 

influenced by the processes such as diffusion, sublimation, redistribution, extreme 

precipitation events, effects of topographic features, and other small-scale processes 

which are not accounted for the ECHAM5-wiso model (Goursaud et al., 2018). 
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Figure 4.3. Comparison of ECHAM5-wiso model 18O record in precipitation and 

measured ice core 18O records. 
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 Correlation of ECHAM5-wiso model 18O in precipitation with (a) 18O records of 

IND33 (r=0.14, p>0.05, n=141, 1871–2011 CE, lag = 1 year), (b) composite of all 

selected ice cores (r= 0.38, p<0.05, n=123, 1871–1993 CE, lag = 1 year), (c) composite 

of DML ice core (DML05, DML07, and DML17) (r= 0.32, p<0.05, n=123, 1871–1993 

CE, lag = 1 year). 

The model-derived 18O record compared with the composite anomaly record 

of four ice cores for the period of 1871–1993 CE (Figure 4.3b) shows a significant 

correlation (r=0.38, n=123, p<0.05, lag = 1 year). However, it is noteworthy that this 

correlation was improved (r=0.64, n=43, p<0.05) after the 1950s, possibly indicating 

reduced bias in the ECHAM5-wiso model. Further, we have also compared the 

ECHAM5-wiso model derived 18O record with the composite anomaly of ice cores 

after removing IND33 from composite (Figure 4.3c), which also shows a significant 

correlation (r= 0.32, p<0.05, n=123, 1871–1993 CE, lag = 1 year) and improved further 

after the 1950s (r=0.61, n=43, p<0.05). 

4.2.3 Factors controlling the 18O variability in DML ice core records 

The 18O proxy records of Antarctic ice cores are controlled by various meteorological 

factors such as temperature, precipitation, sea ice extent, relative humidity, moisture 

source, and transport (Divine et al., 2009; Masson-Delmotte et al., 2008; Naik et al., 

2010; Rahaman et al., 2019; Sinclair et al., 2012). These climate variables are also 

known to be modulated by dominant climate modes such as ENSO, PDO, and SAM 

and their phase relationships (Abram et al., 2013; Divine et al., 2009; Naik et al., 2010; 

Rahaman et al., 2019; Sinclair et al., 2012; Yu et al., 2017). Therefore, the DML ice 

core records could capture signals of any past changes in these oscillations and thus are 

ideally suitable for investigating the role of ENSO and PDO in modulating the DML 

climate and sea ice conditions in the proximal oceanic sectors. 
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4.2.3.1 18O−temperature variability in the ice core record 

Previous studies from the DML region (Masson-Delmotte et al., 2008; Naik et 

al., 2010; Rahaman et al., 2019) have demonstrated that the temperature is among all 

the meteorological parameters the dominant factor that explains maximum variability 

in ice core 18O records. To investigate the role of surface air temperature in 18O 

variability, we first compared multiple 18O records across the DML region (IND33, 

DML05, DML07, and DML17) with the ERA5 reanalysis data of surface air 

temperature of the core sites. The individual ice core 18O records do not show any 

significant correlation with ERA5 surface air temperature (Figure 4.4), suggesting that 

multiple factors other than temperature did influence 18O records at variable extents. 

Therefore, it is crucial to deconvolute the signal of dominant factors from the ice core 

composite signal of various atmospheric and oceanic parameters. The predominant 

climate signals recorded in the DML region were extracted based on principal 

component analysis (PCA) of multiple 18O ice core records (Chapter 2, Section 2.7.1), 

following the approach of Rahaman et al. (2019). The first and second components (PC1 

and PC2) derived from PCA analysis of the composite 18O record were found to be 

significant (Eigenvalues >1); together, they explain ~60% of the total variability in 18O 

records (Chapter-2, Table 2.7).  
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Figure 4.4. 18O ice core records from ice cores used in the present study and their 

correlation with ERA5 surface air temperature.   
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Annual variability of 18O records and its correlation to ERA5 surface air temperature 

(2m t) of selected ice core sites (a) DML05 (r = 0.08, n=15, 1979–1993 CE) (b) DML07 

(r = 0.02, n=15, 1979–1993 CE) (c) DML17 (r = 0.24, n=15, 1979–1993 CE) and (d) 

IND33 (r = 0.11, n=35, 1979–2013 CE). 

 

Figure 4.5. PC1 correlation with ERA5 annual surface air temperature. 

Correlation of PC1 with annual ERA5 reanalysis surface air temperature (r = 0.25, 

n=15, p<0.05, 1979–1993 CE, lag = 1 year). 

The first component (PC1) alone explains maximum variability up to ~32%, 

which represents the signal of the surface air temperature of the DML region, as 

previously demonstrated by (Rahaman et al., 2019). The inland DML ice cores 

contribute up to ~95% to PC1, whereas the coastal IND33 ice core contributes only 

~5%. This implies that inland DML 18O records are primarily influenced by 

temperature. This observation is consistent with earlier reports (Goursaud et al., 2019). 

The PC1 shows weak correlation (r=0.25, n=15, p>0.05, 1979−1993 CE, lag=1year) 
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with annual SAT records (Figure 4.5). However, a significant correlation is observed in 

the PC1 time series, and seasonal (Oct-Nov-Dec) surface air temperature averaged 

across the grid box (71.5°S to 75.5°S; 11.0°E to 5°W) derived from ERA5 reanalysis 

(r=0.74, n=15, p<0.05 1979−1993 CE, lag= 1 year) (Figure 4.6.a). It is important to 

investigate the possible reasons for a strong correlation between PC1 and spring 

temperature but a weak correlation between PC1 and mean annual temperature. 

The stronger correlation of the ice core 18O signal with spring temperature is 

consistent with the earlier report (Rahaman et al., 2019). The lagged correlation between 

the ice core-derived temperature signal and ERA5 temperature is difficult to resolve 

because of a similar uncertainty range in the chronology estimate, i.e., ±1 year. 

However, as discussed later, the mean annual temperature derived from the ice core 

18O is biased by seasonal signal and could be one of the reasons for the lagged 

correlation. A detailed investigation is required to resolve unequivocally based on the 

multiple 18O records from short cores in the coastal regions with higher 

precipitation/accumulation sites. The problem of seasonal bias in ice core stable 

isotope-based temperature reconstruction has already been highlighted for the 

Antarctica Peninsula by Sime et al. (2009). They have demonstrated that the sensitivity 

of ice core 18O to the temperature change across the Peninsula is highly variable. The 

large-scale synoptic variability in 18O changes across Antarctica is primarily controlled 

by local changes in condensation temperature (Sime et al., 2009). Therefore, it is 

essential to investigate the potential impact of changes in the relationship between 

temperature during precipitation events (condensation temperature) and mean 

temperature. The RACMO2 model (van Wessem et al., 2018) monthly mean 

precipitation over the DML region (71.5°S to 75.5°S; 11.0°E to 5°W) for the period 

1979–2013 CE shows two seasons of higher precipitation, i.e., April-May-Jun (fall 
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season) and Oct-Nov-Dec (spring to early summer season) (Chapter-3, Figure 3.3). This 

suggests that DML ice core 18O records register the seasonal temperature signal during 

periods of higher precipitation. It is unclear why ice core 18O records the temperature 

of early spring but not the fall season despite higher precipitation. Further, a recent study 

has demonstrated that more than 40% of the mean annual precipitations are associated 

with extreme precipitation events (EPs); therefore, temperature signals recorded in ice 

core 18O records could be biased toward the temperature during the EPs (Turner et al., 

2019). To quantify the seasonal and EPs biases in the mean annual ice core signal, a 

more detailed investigation is required, which is beyond the scope of the present study.  

We used a regression equation derived from the correlation plot between PC1 

and ERA5 to reconstruct the temperature anomaly record for 1809−1993 CE (Figure 

4.6a). The temperature reconstruction based on the regression equations shows a long-

term cooling in the 19th century (1.02 ± 0.28°C), followed by a long-term warming trend 

(1.0 ± 0.37°C) in the 20th century (Figure 4.6b). Our observation in the present study is 

consistent with the findings of a systematic continent-wide cooling during the 19th 

century and significant warming in regions like DML during the last century (Stenni et 

al., 2017). In a previous study, Rahaman et al. (2019) investigated DML temperature 

variability and the role of ENSO, PDO, and SAM. Therefore, in the following section, 

we have primarily focused on the second PCA component (PC2), which has been 

identified as a factor related to sea ice variability.  
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Figure 4.6. Correlation of PC1 with surface air temperature and temperature 

reconstruction.  

(a) Correlation plot of PC1 with ERA5 reanalysis surface air temperature (Oct-Nov-

Dec) (r = 0.74, n = 15, 1979 –1993, lag = 1 year), the year 1988 is treated as an outlier 

and hence excluded in correlation (shown in red outlined circle). (b) Temperature 

anomaly record derived from PC1 using the regression equation of ERA5 temperature 

and PC1 shown in panel (a). The light shade represents error envelopes derived from 

the regression equation's uncertainty in the slope and intercept. 
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4.2.3.2 18O−sea ice variability in the DML ice core record 

Previous studies have demonstrated that sea ice variability and atmospheric 

circulation influence moisture source and transport processes, thereby controlling 18O 

variability in coastal Antarctic cores (Sinclair et al., 2012). To investigate the dominant 

sources of moisture in DML core sites, backward wind trajectory analysis was carried 

out for different seasons using HYSPLIT (http://ready.arl.noaa.gov/HYSPLIT.php). The 

backward trajectories indicate that moisture sources for the precipitation over the DML 

core sites are predominantly derived from the surrounding oceanic sectors (Figure 4.7). 

Therefore, any changes in SIC and sea ice extent (SIE) in these oceanic sectors would 

affect the moisture source and its supply for precipitation over the DML region. 

Previous studies have shown that these changes will be reflected in the stable water 

isotope compositions of the precipitation (Rahaman et al., 2016). During the winter, sea 

ice cover increases several folds, shifting the moisture source away from the coast, and 

the opposite happens during the summer months. Similarly, reduction in ice cover in 

the past allowed the local moisture from open seawater to supply isotopically enriched 

moisture to coastal Antarctica; on the contrary, when sea ice cover increased, moisture 

was supplied from distant sources with relatively depleted 18O due to distillation of 

heavier isotopes through successive precipitation/moisture loss during transportation. 

http://ready.arl.noaa.gov/HYSPLIT.php
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Figure 4.7. Seasonal backward wind trajectories analysis for the DML region. 

Backward wind trajectory for (a) peak summer (Jan–Feb), (b) peak winter months 

(July–Aug), and for periods of maximum precipitation in DML (c) Apr-May-Jun and 

(d) Oct-Nov-Dec during 1979–1993 CE. The wind trajectories were calculated using 

the air parcel circulation model HYSPLIT 

(https://www.ready.noaa.gov/HYSPLIT_traj.php). The model is run for a 5-day backward 

trajectory of every precipitation event at the core location at 1000 m AGL. 

We have investigated the second dominant factor, PC2, to explore its linkages 

with sea ice variations and wind conditions (strength and directions) for moisture 

transport and precipitation over the core sites. A spatial correlation of the National Snow 

and Ice Data Center (NSIDC) SIC record (Peng et al., 2013) with PC2 (1979−1993 CE) 

https://www.ready.noaa.gov/HYSPLIT_traj.php
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reveals a significant positive correlation over the Western Indian Ocean Sector (WIOS) 

of Antarctica (Figure 4.8a). The PC2 was also correlated with Z500 geopotential height 

and wind vectors which shows a positive correlation over the Weddell Sea sector (high-

pressure field), and the opposite is observed over the WIOS region (low-pressure area) 

(Figure 4.8a). We observe that the coastal IND33 core alone contributes a maximum 

(up to 60%) to PC2 variability and the remaining contributions come from the three 

inland DML ice cores (up to 40 %) (Chapter 2, Table 2.8). The spatial correlation of the 

IND33 18O record with the SIC record shows a significant positive correlation over the 

same region (Figure 4.8b). This further confirms that the PC2 signal is primarily 

controlled by 18O variability in the IND33 coastal ice core, which is related to the 

changes in the sea ice cover and shifts in moisture transport. This finding is consistent 

with the previous report (Noone and Simmonds, 2004), which has suggested that the 

ice cores from coastal Antarctica are more sensitive to sea ice changes than those from 

interior Antarctica (Thomas and Bracegirdle, 2015). Based on the earlier studies, we 

expected an inverse correlation between sea ice and stable water isotopic records in the 

Antarctic ice core; an increase in sea ice can shift the moisture source (i.e., open sea) 

away from the core site, deplete the 18O during the moisture transport. Earlier studies 

also supported this (Masson-Delmotte et al., 2008; Rahaman et al., 2016). However, it 

is intriguing that the WIOS sea ice record is linearly correlated with the 18O record 

derived from ice cores. In the following section, we have investigated the potential 

factors responsible for the observed positive relation between the ice core 18O record 

and the sea ice variability in the WIOS region. 
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Figure 4.8. Spatial plots describing the correlation and mechanism for sea ice 

variability with 18O record.  

(a) The PC2 was correlated with NSIDC sea ice concentration (shading: significant 

regions at 95% confidence level are highlighted in the black dots), ERA5 Z500 (dashed 

contours: red contours positive correlation and blue contours negative correlation), 

and ERA5 winds at 850-hPa level (vectors) during 1979–1993 CE. (b) IND33 18O 

record is correlated with NSIDC SIC (1979−1993 CE); correlation is shown in the color 

code. Black dots highlight the regions of significant correlation at 95% confidence 
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level. (c) Composite anomaly maps of ERA5 surface wind speed (m/s) during positive 

SAM years. (d) Anomaly map of ECHAM5-wiso model 18O based on the difference 

between the positive and negative SAM years for the period (1979−2011).   

During increased sea ice cover over the WIOS region, moisture availability and 

supply from this sector get reduced. On the contrary, strong and favourable wind 

conditions drive sea ice away from the Weddell Sea sector to the WIOS, leading to 

increased open water or less ice cover, making the Weddell Sea a dominant source. The 

stronger westerlies (Figure 4.8c) would thus increase the moisture supply from the 

Weddell Sea for precipitation over the IND33 core site, which is isotopically enriched, 

as shown in the ECHAM5-wiso modelled 18O anomaly plot (Figure 4.8d). Therefore, 

we suggest that the stable isotope variability at DML and the sea ice variability over 

WIOS respond to large-scale atmospheric circulation in this sector. Wind strength is the 

common driving force that causes changes in both moisture supplies to the study region 

and the sea ice transport from the Weddell Sea to the WIOS region. Since the Westerly 

winds around Antarctica are a robust system stable over a more extended period, the 

relationship between the PC2 and the SIC over the WIOS region could be established 

through the variability in the wind forcing, at least during the past few centuries. The 

SIC averaged across the grid box over the WIOS (60°S to 70°S, 15°E to 60°E) (Figure 

4.9a) shows a strong correlation with PC2 (r=0.81, n=15, p<0.05) during the period 

1979–1993 CE (Figure 4.9b). This empirical relation can be extended beyond 1979 to 

reconstruct the annual SIC record of the WIOS, with a reasonable assumption that this 

linear relationship has been stable over the entire record. Our high-resolution long-term 

sea ice record reconstructed based on an array of ice core records thus provides a unique 

opportunity to investigate the controlling factors for modulating annual to multi-decadal 

variability in SIC over the WIOS and deciphering its long-term trend during the past 

two centuries (Figure 4.9c).  
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Figure 4.9. Correlation plots of PC2 with sea ice and reconstruction of sea ice 

concentration of WIOS.  

(a) The PC2 is correlated with NSIDC SIC for 1979−1993 CE; correlation is shown in 

the colour code. Black dots highlight the regions of significant correlation at 95% 

confidence level, (b) PC2 shows a significant correlation with NSIDC sea ice 

concentration (r = 0.81, n=15, p<0.05) over the WIOS (60°S to 70°S, 15°E to 60°E) for 

the period 1979–1993 CE, the year 1988 is treated an outlier and excluded in the 

correlation (shown in red outlined circle). (c) The reconstructed annual sea ice 

concentration record over the WIOS is based on the regression equation between PC2 

and the annual sea ice concentration record for 1979–1993 CE. 
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The following section shows the assessment of forcing factors and their relative roles 

in modulating sea ice variability in the WIOS for the past two centuries. 

4.2.4 Sea ice trends and variability in the Western Indian Ocean Sector 

(WIOS) 

Our reconstructed SIC record (1809–1993 CE) of the WIOS, together with the 

instrumental record (1994–2019 CE), enables us to discern the long-term trend and 

variability and investigate potential forcing factors and climate modes influencing sea 

ice variability at annual to decadal-scale during the past two centuries (1809–2019 CE). 

To identify a significant trend in the SIC record, we performed the Mann-Kendall test 

(Kendall, 1975) and determined the breaking points of the trend in the sea ice record 

(Supplementary Table S4). Based on the Mann-Kendall test, the reconstructed long-

term sea ice record reveals a discernible declining trend in the 19th century (1830–

1885CE) with a rate of −0.58 ± 0.12% decade-1 followed by a significant increasing 

trend with a rate of +0.24 ± 0.11% decade-1 in the 20th century during the period 1927–

1993 CE (Figure 4.10). Further, to discern the recent trend of the last two decades from 

the long-term perspective, we have combined the satellite SIC record (1994–2019 CE) 

from National Snow and Ice Data Center (NSIDC) with the reconstructed record (Figure 

4.10). The recent (1994–2014 CE) SIC record from NSIDC shows the highest 

increasing trend in the past two centuries with a rate of +2.59 ± 0.86 % decade-1 

followed by a sharp decrease during 2015–2016, associated with the extreme El Niño 

event of 2016 (Ionita et al., 2018; Stuecker et al., 2017). 
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Figure 4.10. Sea ice variability and trends in WIOS, East Antarctica. 

Trend analysis of the annual sea ice record of Antarctica's Western Indian Ocean 

Sector. A significant (r=0.56, n=55, p<0.05) declining trend is evident during 1830–

1884 CE, followed by a significant (r= 0.25, n=67, p=0.058) increasing trend during 

1927–1993 CE. The observed NSIDC SIC record shows a significant increasing trend 

(red line) during 1994–2014 CE (r= 0.63, n=21, p<0.05).  

To understand variability in the sea ice record, power spectrum analysis (Schulz 

and Mudelsee, 2002) of the combined sea ice record (1809−2019 CE, Figure 4.11a) was 

performed, which shows significant (at 95%2 level) periodicities of 2.8, 3.5, 8, 10 and 

17.5 years (Figure 4.11b). These periodicities indicate strong interannual to decadal 

variability in sea ice concentration in the WIOS region during the past two centuries. 

Further, wavelet analysis (Torrence and Compo, 1998) demonstrates how these 

periodicities evolved in the past two centuries at various frequency bands ranging from 

interannual to decadal scales (Figure 4.11c). This shows significant periodicities at 2–8 

years band at discrete intervals, which have become more dominant in recent decades 

(Figure 4.11c). We also observe periodicities at the decadal band (16–24 years) which 

became more dominant since the beginning of the 20th century. Scaled average variance 
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at ENSO band (2−8 years) shows a dramatic increase after ~1970 CE (Figure 4.11d). 

The variance at 16−24 years band shows an overall increasing trend since ~1800 CE 

with two prominent peaks during ~1890–1950 and ~1980–2019 CE (Figure 4.11d).  

 

Figure 4.11. Time series analysis for the reconstructed sea ice concentration record. 

(a) SIC record of the Western Indian Ocean Sector (1809−2019 CE) (blue shaded 

region show decreasing trend while red shaded region shows an increasing trend in 

SIC). (b) The power spectrum analysis of sea ice records shows significant periodicities 

of 2.8, 3.5, 8.0, 9.8, and 17.5 years at 90% 2 level. (c) Wavelet analysis of the 

reconstructed SIC record highlights significant periodicities in the colour band. (d) 

Scaled average variance analysis of reconstructed SIC at two specific frequency bands, 

2–8 years and 16−24 years. 

In the following section, we have investigated how the climate modes influence sea ice 

variability, particularly ENSO teleconnections and their interaction with SAM.  
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4.2.5 Influence of SAM and ENSO teleconnections on sea ice dynamics 

SAM is known to influence Antarctic SIC through the changes in wind 

conditions due to the changes in sea level pressure (Holland et al., 2017). Wind-driven 

changes in sea ice advection are the dominant driver of sea ice variability around much 

of West Antarctica, whereas wind-driven thermodynamic changes dominate elsewhere 

(Holland and Kwok, 2012). The PC2 correlated with Z500 geopotential height shows a 

SAM-like pattern (Isaacs et al., 2021), positive correlation over the Weddell Sea sector 

(high-pressure field) and negative over the WIOS region (low-pressure area) (Figure 

4.8a). This indicates that the climatic factors modulated by SAM influence sea ice 

variability in the WIOS. To investigate the influence of SAM on sea-ice variability over 

the WIOS, the NSIDC Antarctic SIC record is correlated with the Marshall SAM index 

(Marshall, 2003). This spatial correlation map highlights a significant (95% level) 

positive correlation over the WIOS (15°E to 60°E) during 1979–2013 CE (Figure 4.12a). 

This demonstrates the possible role of SAM in influencing sea ice cover in the WIOS. 

Further, to examine this linear relationship on a longer time scale, reanalysis 

20CRV2c SAM-Index (1851–2019 CE) was compared with the reconstructed sea ice 

record, which shows that both the records broadly co-vary throughout the period (Figure 

4.12b). The wavelet coherence analysis performed between the sea ice record and 

20CRV2c SAM-Index (1851–2019 CE) highlights significant in-phase relation during 

1865–1884 CE and 1979–2013 CE at 4–8 years frequency band (Figure 4.12c). We 

observed that the sea ice increase in the recent decades, except for the last five years 

(2015−2019), is concomitant with the shifting of SAM to a positive phase. The higher 

interannual sea ice variability coincides with in-phase relation with SAM during the 

above intervals suggesting larger control of SAM on sea ice variability. Switching of 

SAM phases modulates pressure distribution over the Southern Ocean and Antarctica 
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and thus the wind conditions (speed and directions). Sea ice variability over the high 

southern latitudes is strongly controlled by changes in the westerly wind system, ocean 

surface current, and drifting of sea ice associated with the modulation of SAM (Deb et 

al., 2017; Hall and Visbeck, 2002). During positive SAM, low pressure over Antarctica 

intensifies the westerlies. Intensification of surface westerlies over the circumpolar 

ocean (~60°S) associated with the shifting of SAM to a positive phase leads to a 

significant zonal sea ice drift from the Weddell Sea toward the WIOS (Dickens et al., 

2019; Lefebvre et al., 2004). Shifting SAM towards the positive phase thus resulted in 

increased piling of sea ice over the WIOS. This mechanism could explain the increase 

in sea ice over the western Indian Ocean (around 60°S) during the positive SAM years 

(Deb et al., 2017). Thus, we suggest that such a dynamic link between SAM and SIC 

over the WIOS has existed for the past two centuries. Our analysis of surface wind speed 

and SIC has demonstrated that the positive SAM years impacted the surface wind 

system and, thereby, changes in sea ice over the WIOS region (Figure 4.13). During 

positive SAM years, the circumpolar westerly wind became more vital in the Weddell 

Sea region (shown in wind vectors) that drifted the sea ice away from the Weddell Sea 

Sector and transported to the WIOS (Figure 4.13a & b). Further, such stronger wind 

conditions may also help to form more sea ice in the WIOS. An increase in westerlies 

will enhance the heat exchange, i.e., heat loss from the surface water to the atmosphere 

due to temperature gradient (cooler atmosphere and warmer ocean) and an increase in 

sea ice formation (Deb et al., 2017; Raphael, 2003; Simmonds and Xingren, 1993). 
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Figure 4.12. Correlation and time series analysis of sea ice concentration with SAM 

indices. 

(a) NSIDC SIC record (1979−2013 CE) is correlated with Marshall SAM 

Index(Marshall, 2003). The regions of significant (95% significance level) correlations 

are highlighted in black dots. (b) Correlation between the reconstructed SIC record 

(PC2) (1809−1993 CE) combined with the instrumental record (1994−2019 CE) and 

SAM records (Gong and Wang, 1999; Marshall, 2003). The reconstructed SIC shows 

an overall weak correlation (r=0.27, p<0.05, n=143, 1851−1993 CE) with the long-

term SAM Index (Gong & Wang, 1999); however, the correlation is improved during 

1865−1885 CE (r=0.77, p<0.05, n=20) and coincides with decreasing SIC trend. (c) 

Wavelet coherence analysis of reconstructed and instrumental SIC with combined 

20CRV2c SAM Index (Gong and Wang, 1999) for 1851−1993 and Marshall SAM Index 

(Marshall, 2003) for 1994−2019 CE. The thick black contours indicate 95% of 

confidence, based on a red noise model. The thin black line indicates the cone of 

influence. The relative phase relationship is shown as arrows (with in-phase pointing 

right, anti-phase pointing left, SIC leading SAM by 90° pointing straight down, and vice 

versa). The significant in-phase correlation is highlighted during 1865−1885 and 

1979−2013 CE time intervals, associated with decreasing and increasing trends in SIC. 
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Therefore, stronger westerlies could increase sea ice cover in the WIOS by transporting 

and forming new sea ice. However, at this stage, it is difficult to quantify the role of 

these two individual factors. While the reconstructed and instrumental SIC record over 

the WIOS demonstrates an overall increasing trend associated with a positive shift of 

SAM during 1960−2014 CE, a dramatic decrease in the NSIDC SIC was observed 

during 2015−2016.  

 

Figure 4.13. Surface winds and sea ice anomaly plots during the positive SAM years. 

Composite anomaly maps of (a) ERA5 surface wind speed (m/s) and (b) NSIDC SIC 

(%) for the positive SAM periods during the interval 1979−2019. However, during the 

interval, 1979−2019 CE, strong positive SAM years with anomaly >1 were selected for 

composite anomaly plots: twenty such positive SAM years were identified and used for 

composite wind speed and NSIDC SIC anomaly plots. The anomaly plots show an 

increase in SIC over the WIOS region concurrent with wind-related sea ice transport 

from the Weddell Sea sector. The blue arrows shown in panel (b) highlight the 

movement of sea ice from the Weddell Sea sector to the Indian Ocean Sector, resulting 

in an increase in SIC over the WIOS. 
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This abrupt decrease in SIC over the WIOS region is associated with the extreme 

El Niño event of 2015−2016 (Ionita et al., 2018; Stuecker et al., 2017). The influence 

of ENSO is known to affect sea ice formation and transport, leading to some variability 

between ENSO and sea ice concentration (Kwok and Comiso, 2002b; Liu et al., 2004; 

Renwick, 2002; Stammerjohn et al., 2008; Yuan, 2004). To investigate the influence of 

ENSO on sea ice variation in space and time, the NSIDC SIC record is correlated with 

the Southern Oscillation Index (SOI) index (Figure 4.14a), which highlights a 

significant positive correlation over the WIOS during 1979−2019 CE. This suggests 

that ENSO is important in modulating SIC over the WIOS. 

 

 

 

 

 

 



112 

 

 

Figure 4.14. Sea ice correlation with SOI and surface air temperature. 

(a) The annual NSIDC SIC record is correlated with the annual records of the Southern 

Oscillation Index (SOI) (1979,−2019 CE) (Ropelewski and Jones, 1987). Regions of 

significant correlation (at 95 % confidence level) are highlighted with black dots; (b) 

ERA5 annual Sea Surface Temperature (SST) is correlated with SOI (Ropelewski and 

Jones, 1987) (1979−2019 CE). The color code highlights regions of significant 

correlation (at 95 % confidence level). 

Studies have shown that the SST and related variability in the SIC over the 

Southern Ocean are controlled through ENSO-related climate teleconnections through 

alteration of the surface energy fluxes (Ciasto and England, 2011; Simpkins et al., 2012; 

Yeo and Kim, 2015). The spatial correlation plot between ERA5 SST and SOI 

(1979−2019 CE) reveals a significant (at 95 % confidence level) inverse relation in the 

WIOS (Figure 4.14b). To understand the role of SST variation on SIC over the Southern 

Ocean, the ERA5 SST was correlated with SIC, which shows a significant inverse 

correlation (at 95% confidence level) in WIOS (Figure 4.15).  
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Figure 4.15. Sea ice correlation with ERA5 annual SST. 

Correlation of sea ice concentration with ERA5 SST during 1950−2019 CE. The regions 

of significant correlation (at 95 % confidence level) are highlighted in the colour code. 

A significant inverse correlation is observed over the WIOS.  

Further, to demonstrate how ENSO influences sea ice variability, we have 

plotted surface temperature anomaly maps of a few selected strong El Niño and La Niña 

years and compared them with the anomaly maps of NSIDC SIC corresponding to these 

ENSO events (Figure 4.16). During strong El Niño years (1987, 2016), we have 

observed a positive temperature anomaly (Figure 4.16a, b) over the WIOS region, which 

exactly coincides with the negative sea ice anomaly (Figure 4.16e, f), and the opposite 

is observed during strong La Niña years (1989, 2010), i.e., negative temperature (Figure 

4.16c, d) and positive sea ice anomaly over the WIOS region (Figure 4.16g, h). This 

suggests the role of ENSO-driven SST changes on sea ice variability in the WIOS. 
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Figure 4.16. Spatial anomaly plots of surface air temperature and sea ice concentration 

during El Niño and La Niña. 

Spatial anomaly plots during strong El Niño events (a-b) ERA5 2m temperature, (e-f) 

NSIDC sea ice concentration. Similar plots during strong La Niña events (c-d) ERA5 

2m temperature (g-h) NSIDC sea ice concentration. 
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Figure 4.17. Heat flux anomaly plots during El Niño (low sea ice) and La Niña (high 

sea ice) years   

Anomaly composites mean of ERA5 vertical integral of the northward heat flux (W m−2) 

during (a) low sea ice concentration and El Niño years, (b) high sea ice concentration 

and La Niña years over 1979−2019 CE. 

A recent study of sea ice concentration around the DML region observed a 

strong correlation with the sea surface temperature (SST) anomalies in the tropical 

Pacific. It attributed it to an atmospheric wave train pattern extending from the South 

Pacific (Isaacs et al., 2021). Such a southward-propagating atmospheric wave train 

could alter sea ice concentration by enhancing the meridional airflow. Since WIOS falls 

within the above study region, a similar mechanism can explain sea ice variability. To 

demonstrate how remote Pacific teleconnections influence the sea ice variability, we 

have investigated the role of northward heat flux (W m-2) during strong El Niño (low 

SIC) and La Niña (high SIC) years. During the El Niño year, a strong negative 

northward heat flux anomaly is observed over the WIOS region, which coincides with 

low SIC, suggesting increased southward heat transport towards the WIOS region 

(Figure 4.17a) and opposite during the La Niña years (Figure 4.17b). This demonstrates 
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how remote Pacific teleconnections influence the sea ice variability through northward 

heat transport during the ENSO events.  

Although both SAM and ENSO influence sea ice variability around Antarctica, 

their phase relation decides the extent of variability. ENSO teleconnections are stronger 

when El Niño coincides with the negative SAM phase and La Niña with positive SAM 

(Fogt and Bromwich, 2006; Fogt et al., 2011; Stammerjohn et al., 2008). Wavelet 

coherency of SOI and SAM shows significant anti-phase relation after the 1940s at the 

decadal band (16−32 years), coinciding with the increase in sea ice trend and variability 

(Figure 4.18a, b). In conclusion, increasing ENSO frequencies coupled with shifting of 

SAM to positive phase and their anti-phase relation resulted in an increase in sea ice 

variability and trend in the recent decades. 
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Figure 4.18. Wavelet coherence analysis of SAM and SOI. 

(a) Wavelet coherence analysis of SAM (Gong and Wang, 1999; Marshall, 2003) and 

SOI (Ropelewski and Jones, 1987) during 1866−2019 CE. Based on a red noise model, 

the thick black contours indicate 95% confidence. The thin black line indicates the cone 

of influence. The relative phase relationship is shown as arrows (with in-phase pointing 

right, anti-phase pointing left, SAM leading SOI by 90° pointing straight up, and vice 

versa). (b) Annual variation in sea ice concentration during 1866−2019 CE. 
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4.3 Conclusions 

A high resolution (at seasonal scale) ice core 18O record (1809–2013 CE) from the 

coastal region integrated with published ice core records from Dronning Maud Land 

(DML) in East Antarctica enabled us to reconstruct past changes in temperature and sea 

ice record. Our study revealed that the 18O records of ice cores from inland (high 

elevation) regions represent mainly the past temperature changes, whereas 18O records 

from coastal (low elevation) sites are more sensitive to sea ice variations and thus offer 

an opportunity to reconstruct the past sea ice variability. The reconstructed sea ice 

record combined with satellite records provided the longest Antarctic Sea ice record 

(1809 to 2019) of the Western Indian Ocean Sector of Antarctica (WIOS) at an annual 

resolution which enabled us to investigate the factors that contributed to sea ice 

variability at annual to multi-decadal time scales.  

The key findings in the present study are as follows: 

1. Reconstructed sea ice revealed a significant decline during 1830–1884 CE with 

a rate of 0.58 ± 0.12 % decade-1 followed by a moderate increasing trend with 

a rate of 0.24 ± 0.11% decade-1 during 1927–1993 CE. 

2. The observed NSIDC sea ice record over the WIOS region during the recent 

decades (1994–2014 CE) shows a dramatic increase in the past two centuries 

with a rate of 2.59 ± 0.86 % decade-1. 

3. Interannual to decadal sea-ice variability over the WIOS region is mainly 

controlled by wind-driven sea-ice dynamics associated with SAM modulations 

and teleconnections to the Pacific oscillations. 
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4. The increase in interannual sea ice variability and trend in recent decades over 

the WIOS region is attributed to the shifting of SAM to a positive phase and 

concurrent increase in ENSO frequency. 
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Chapter 5  

Sea surface temperature variability over the western 
Indian Ocean sector of Antarctica during the past two 
centuries and its linkages to tropical-extratropical 
climate modes 

5.1 Introduction 

High-resolution coastal ice core records on an annual scale are comparable with 

instrumental records and can be used to reconstruct several parameters beyond the 

instrumental record. During the recent rapid evolution of global climate, it is imperative 

to quantify its regional impact on the Antarctic climate on an annual to seasonal scale. 

However, only a few ice-core records from low-elevation regions are available. After 

the 1990s, some shallow ice cores were retrieved from the Atlantic sector (Altnau et al., 

2015; Graf et al., 2002; Isaksson and Karlén, 1994) and the Weddell Sea sector 

(Mulvaney et al., 2002) of coastal Dronning Maud Land. Some annually resolved ice 

core records are also available from Antarctic Peninsula (Fernandoy et al., 2018), the 

Ross sea sector (Bertler et al., 2011), Law Dome (Delmotte et al., 2000; Masson-

Delmotte et al., 2003; Morgan et al., 1997), Adélie Land (Ciais et al., 1995; Goursaud 

et al., 2017; Yao et al., 1990) and Princess Elizabeth region (Ekaykin et al., 2017). 

Recent reconstructions of temperature (Stenni et al., 2017) and surface mass balance 

(Thomas et al., 2017) for the last 2000 years highlighted the need for more coastal ice 

core records from Dronning Maud Land.  

 Stable isotopes of water (δD and δ18O) from Antarctic ice cores are considered 

the most valuable tool to reconstruct past climate changes related to surface air 

temperature (Jouzel et al., 2003; Masson-Delmotte et al., 2008). Rayleigh fractionation 

model (Ciais and Jouzel, 1994) is closely applied to define the relation of δD and δ18O 



121 

 

with temperature variability of the site but is not strongly associated with the average 

source temperature (Masson-Delmotte et al., 2004). Whereas the second-order 

parameter deuterium excess, (𝑑 − 𝑒𝑥𝑐𝑒𝑠𝑠 = δD − 8δ18O) (Dansgaard, 1964) derived 

as a kinetic fractionation component and predominantly associated with the temperature 

at the source and hence can be used to decipher the variability and evolution of 

temperature at moisture source (Merlivat and Jouzel, 1979; Stenni et al., 2010). The 

spatial variation of d-excess over the Antarctic continent is well documented with a 

compilation and synthesis of data, which shows an increasing value while moving from 

coast to interior land (Goursaud et al., 2018; Masson-Delmotte et al., 2008; Touzeau et 

al., 2016). However, the temporal variability of d-excess on a seasonal to inter-annual 

scale is not documented from the coastal DML region of East Antarctica and remains 

poorly understood. Isotopic modeling based on theoretical studies suggests that d-

excess variability is mainly controlled through variation in relative humidity (RH) and 

sea surface temperature (SST) over the moisture source region (Ciais et al., 1995; 

Merlivat and Jouzel, 1979; Petit et al., 1991), further they preserve the vapor signal 

while moving towards the polar region (Bonne et al., 2015; Jouzel et al., 2013). Several 

studies have used different ice core records of d-excess to reflect the past SST condition 

during glacial-interglacial changes (Stenni et al., 2004; Stenni et al., 2001; Stenni et al., 

2010; Vimeux et al., 2001; Vimeux et al., 1999), whereas such studies from low 

elevation ice core are limited.  

El Niño Southern Oscillation (ENSO) is a leading mode of ocean-atmospheric 

variability over the tropical Pacific and strongly influences global climate variability 

(Alexander et al., 2002; Karoly, 1989; Trenberth et al., 1998). ENSO variability is 

mainly associated with an anomalous change in SST over the tropical Pacific and firmly 

controls the SST over the Southern Hemisphere (SH) (Ciasto and England, 2011; Ciasto 
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and Thompson, 2008; Renwick, 2002; Verdy et al., 2006; Yuan, 2004). However, the 

heat transport from the equatorial Pacific to SH extra-tropics is associated with the 

Pacific South American (PSA) pattern, an extension of alternating wave train-like 

anomalous positive and negative geopotential height, from tropics towards the southeast 

Pacific near Antarctica-South America (Karoly, 1989). Pacific Decadal Oscillation 

(PDO) is considered to be a long-lived ENSO-like variability and a leading mode of 

SST variation over the North Pacific Ocean SST (Mantua and Hare, 2002; Mantua et 

al., 1997). This also influences the SH SST on a decadal time scale. A recent study 

Wang et al. (2019) shows coupled influence of ENSO–PDO, which further modulates 

SST over the Atlantic Ocean sector. ENSO-related atmospheric teleconnection 

dominantly controls the SST and sea-ice variability over the Southern Ocean through 

modulation of surface energy flux. Whereas the ENSO-PDO-related SST variation over 

the Western Indian Ocean sector (WIOS) of Antarctica and their possible influence on 

sea ice variation is poorly quantified.  

Atmospheric circulation of extra-tropics over the SH is dominantly controlled 

by Southern Annular Mode (SAM), defined as a leading mode of the pressure difference 

between extra-tropics and Antarctica (Gong and Wang, 1999; Marshall, 2003; 

Simmonds, 2003; Thompson and Wallace, 2000; Turner et al., 2005). The positive 

mode of SAM is associated with negative pressure anomaly over the Antarctic region, 

which strengthens the SH westerlies (Hall and Visbeck, 2002; Thompson and Wallace, 

2000). Modulation in the surface westerly winds greatly influences the Ekman transport 

and ocean-atmospheric fluxes, which further influences the SST variation over the 

Southern Ocean (Ciasto and Thompson, 2008; Screen et al., 2010; Verdy et al., 2006). 

Several studies suggest that modulation of SAM mode strongly influences the Antarctic 

sea ice (Hall and Visbeck, 2002; Holland et al., 2017) and surface air temperature 
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(Marshall, 2007; Schneider et al., 2004; Thompson and Solomon, 2002; Van Den 

Broeke and Van Lipzig, 2003). A recent positive shift in SAM mode resulted in wind-

drifted sea ice over the WIOS region (Deb et al., 2017; Ejaz et al., 2021; Holland and 

Kwok, 2012), which further increases sea ice concentration. However, the long-term 

variability of sea ice concentration over the WIOS region and its associated inter-annual 

SST variation needs to be quantified. This study used a new coastal ice core record of 

d-excess and reconstructed the SST anomaly over the WIOS for the past two centuries 

(1809−2013 CE).  

5.2 Results and Discussion 

5.2.1 Temporal variation in δ18O, δD, and d-excess records 

The temporal variations of δ18O and δD at the IND33 ice core are shown in Figure 5.1a. 

This new ice core from the coastal DML region offers seasonal to annual scale records 

of δ18O and δD. The second-order parameter d-excess is calculated as an effect of kinetic 

fractionation or deviation from the Global Meteoric Water Line (GMWL). The d-excess 

shows excellent variability throughout the record (1809−2013 CE) with anomalous high 

values during (1812, 1851, 1891, and 1969) and a sudden drop to a negative low during 

1941 (Figure 5.2b). In this study, a negative trend is observed in the d-excess record 

during 1809−1967 CE, whereas a significant positive trend is observed during 

1981−2013 CE. 
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Figure 5.1. Annual variability of (a) δ18O and δD records and (b) d-excess record from 

IND-33 ice core, derived from measured δ18O and δD ice core record (1809−2013 CE). 

In this study, a published d-excess record of IND25 is also compared with the IND33 

record. The δD−δ18O values of the IND33 ice core (1903−2006 CE) are found to be 

distributed along the regression line (δD = 7.21 ∗ δ18O − 20.49 ; 𝑟2 = 0.90), while 

δD−δ18O of IND25 ice core (1903−2006 CE) shows a regression line (δD = 8.17 ∗δ18O − 9.56 ; 𝑟2 = 0.94), which appears to be similar to GMWL (Figure 5.2a−b). Both 

ice cores reveal a significant difference in the slope of the regression line, although they 
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are ~100 km apart with a small latitudinal change. The δD−δ18O slope of the IND33 ice 

core (m = 7.21±0.16) is lower than the IND25 ice core (m = 8.17±0.20). The trend in 

the d-excess record of both ice cores looks similar and shows a decreasing trend in their 

common time window (1903−2006 CE) (Figure 5.2c). This similarity may be due to 

small latitudinal changes in their location and the influence of common forcing factors. 

 

Figure 5.2. Correlation of δD with δ18O ice core records used in this study and 

comparison of d-excess record. 
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δD vs. δ18O record from (a) IND33 (1809−2013 CE) and (b) IND25 (1903−2006 CE). 

(c) comparison of the d-excess record of the IND33 ice core with the published IND25 

record. 

5.2.2 Factors controlling the variability in d-excess and its relation to 

oceanic evaporation  

The stable isotope of water (δD or δ18O) is extensively used as a surface air temperature 

proxy and thus gives a better understanding of past temperature changes (Jouzel et al., 

2003; Masson-Delmotte et al., 2008; Mulvaney et al., 2012; Stenni et al., 2017; 

Thamban, 2017). However, the d-excess (non-equilibrium component) is mainly 

associated with the change in temperature at oceanic moisture sources or sea surface 

temperature (SST) and relative humidity (RH) (Merlivat and Jouzel, 1979; Stenni et al., 

2010; Uemura et al., 2012; Uemura et al., 2008). The d-excess record is primarily anti-

correlated with surface relative humidity and correlated with SST. However, the d-

excess record of the IND33 ice core highlights an inverse correlation with the ERA5 

Sea Surface Temperature Anomaly (SSTA) over the Western Indian Ocean Sector 

(WIOS) (Figure 5.3a). This suggests that some other factors are influencing the SST 

over the WIOS region. Therefore, it is required to identify the possible factors governing 

this anti-correlation between ice core-derived d-excess and ERA5 SST. Coastal 

Antarctic regions highlight several specific challenges related to the katabatic winds 

influencing the isotopic records. This suggests the large-scale wind circulation pattern 

is supposed to be the other possible influencing factor in controlling the d-excess record 

in the coastal ice cores. Since SAM is the dominant mode of climate variability in the 

southern hemisphere, shifting SAM to positive mode results in the strengthening of 

westerlies. Further analysis suggests wind-influenced sea-ice transport from the 

Weddell Sea sector to the Western Indian Ocean sector during the positive SAM years 

(Figure 5.3b). This accumulation and stacking of sea ice over the WIOS region result 
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in to drop in the SST. At the same time, the Weddell Sea sector observed a reduction in 

sea ice and an increase in SST in the open ocean system. This suggests a positive 

correlation of d-excess record with SST over the Weddell Sea sector and anti-correlation 

over the WIOS region of the Southern Ocean. 

In order to verify this relationship and further establish the mechanism behind 

the anti-correlation (deviation from standard correlation), this study used a model-based 

d-excess record from ECHAM5-wiso (European Central Hamburg Model enabled with 

Water Isotope). ECHAM5 is an atmospheric general circulation model designed by the 

Max Planck Institute of Meteorology. The ECAHM5-wiso model produces outputs for 

the long term (Steiger et al., 2017) and the recent satellite era (Werner et al., 2011). 

Long-term simulations of the isotope-enabled ECHAM5-wiso model are available from 

1871 to 2011 CE at T106 (1 degree) spatial resolution. The ECHAM5-wiso-derived d-

excess is anti-correlated with ERA5 SST around the WIOS region and correlated over 

the Weddell Sea Sector (Figure 5.3c). The model-derived anti-correlation over the 

WIOS region is consistent with the ice core-derived derived relation of d-excess and 

ERA5 SST. Therefore, this anti-correlation can further extend back to reconstruct the 

WIOS SST, with a reasonable assumption that this relation also existed in the past. 

However, the Antarctic wind is robust and stable over a longer time interval. This 

suggests long-term wind-related sea ice drifting from Weddell Sea Sector to the WIOS 

region. This further strengthens the assumption to extend back the observed relation and 

reconstruction of SST over the WIOS.  

   The SSTA averaged across the WIOS region (60°S−70°S; 20°E−60°E) gives a 

significant anti-correlation with the d-excess (r= −0.60, n=35, 1979−2013 CE) (Figure 

5.3d). Subsequently, this empirical relation extended beyond 1979 and reconstructed 
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the annual SSTA (1809−2013 CE) for the WIOS region (60°S−70°S; 20°E−60°E). 

However, the SSTA reconstruction is done with a reasonable assumption that such a 

linear relationship would be stationary for the entire reconstruction period (1809−2013 

CE). 

Figure 5.3. Correlation of ice core and ECHAM5-wiso model-based d-excess record 

with sea surface temperature and influence of wind drifted sea ice. 

 (a) Spatial correlation of IND33 d-excess record with ERA-5 Sea Surface Temperature 

Anomaly (SSTA) over the Western Indian Ocean Sector (WIOS) (1979−2013 CE). The 

regions of significant spatial correlations (at 95% confidence level) are highlighted in 
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black stipples (b) NSIDC SIC anomaly during the positive SAM years. (c) Spatial 

correlation of ECHAM5-wiso derived d-excess, and ERA-5 SST during 1979−2011 CE 

(d) d-excess record of IND33 shows significant anti-correlation with ERA5 SSTA 

(r=−0.60, n=35) over the WIOS (60°S−70°S; 20°E−60°E).  

This high-resolution reconstructed SSTA record on an annual scale gives a unique 

opportunity to discern its long-term trend and variability and further consideration for 

potential forcing factors and climate modes controlling the fluctuation in SSTA at the 

annual to decadal scale. The reconstructed SSTA record shows a long-term increasing 

trend with a rate of +0.004 ± 0.001 (°C decade-1) during 1809−1967 CE. After that, a 

decreasing trend is observed with a rate of −0.028 ± 0.009 (°C decade-1) during 

1981−2014 CE (Figure 5.4).  

Figure 5.4. Reconstructed SSTA based on the d-excess ice core record. 

The reconstructed annual SSTA record over the WIOS was based on the regression 

equation derived from the correlation plot between d-excess and SSTA. 

Further, to investigate the dominant climate oscillations and their temporal evolution 

during 1809−2013 CE, this study used spectral analysis using Redfit software (Schulz 
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and Mudelsee, 2002) for the annual reconstructed SSTA of the WIOS region. The 

spectral analysis shows significant (90% 2 levels) periodicities of 2, 2.5, 3, 4, 20, and 

40 years (Figure 5.5a). Wavelet analysis for reconstructed SSTA shows how these 

periodicities evolved over the past two centuries (Torrence and Compo, 1998) (Figure 

5.5b). This indicates the complete dominance of decadal oscillation at 40 yr frequency 

band and a 20 yr oscillation during 1965−1990 CE, related to Pacific Decadal 

Oscillation (PDO). However, the periodicities within the El Niño Southern Oscillation 

(ENSO) band (2−8 yr) show their signal throughout the record. 
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Figure 5.5. Power spectrum and wavelet transform analysis of reconstructed SSTA. 

Spectral analysis of reconstructed SSTA for WIOS shows significant periodicities of 2, 

2.5, 3, 4, 6, 20, and 40 yrs. (b) Continuous wavelet analysis of reconstructed SSTA 

shows the maximum power of decadal oscillation throughout the record. 
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To check the robustness of reconstructed SSTA, this study highlighted some 

strongest negative (1911, 1916, 1922, 1928, 1936, 1969, 1971, 1994, 2010, and 2011) 

and positive SSTA (1947, 1981, 1987, and 1992) from the 1900−2013 CE (Figure 5.6a). 

This study observed that except for 1922 and 1969, all the highlighted negative SSTA 

were associated with La Niña (cooling phase of ENSO). In comparison, the strong 

positive SSTA is associated with El Niño (warming phase of ENSO). However, to 

discern the spatial variation of SST over the WIOS during the extreme negative and 

positive values, this study used anomaly plots for ERA5 SST reanalysis data. The 

anomaly plots show negative SSTA over the WIOS region, corresponding to the strong 

negative reconstructed SSTA (1994, 2010, 2011, and 2014) period (Figure 5.6 b, c, d, 

e). In contrast, positive SSTA is observed over the WIOS region during the 

corresponding positive reconstructed SSTA (1947, 1981, 1987, and 1992) (Figure 5.6 

f, g, h, i). This observed relation and spatial variation of SST over the WIOS region 

further increases the robustness of the reconstructed SSTA. 

Figure 5.6. Temporal and spatial demonstration of maximum/minimum SSTA 

observed in the last century related to El Niño /La Niña, respectively. 
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(a) Reconstructed SSTA with a maximum and minimum anomaly in the last century. 

Spatial variation in SSTA over the WIOS region during the negative SSTA period (b) 

1994 (c) 2010 (d) 2011 (e) 2014 and positive SSTA period (f) 1947 (g) 1981 (h) 1987 

and (i) 1992 

5.2.3 Role of tropical variability and its control on SSTA over the 

WIOS region 

The anomalous variability in SST of tropics is mainly associated with ENSO and is 

considered the principal mode of atmosphere-ocean coupled variability on the inter-

annual time scale and widely controls the global climate (Bjerknes, 1969; McPhaden et 

al., 2006; Neelin et al., 1998; Ropelewski and Halpert, 1986; Trenberth et al., 1998). 

The PDO is considered long-lived ENSO-like variability over the North Pacific Ocean 

SSTA and modulates the global climate on a decadal scale (Mantua and Hare, 2002; 

Wang et al., 2019). Their impact is not limited to the tropical region but also modulates 

the SSTA of the Southern Ocean surrounding the Antarctic continent. Further, to 

discern their relative role in modulating SST over the different oceanic sectors, the 

present study used a spatial correlation of Nino3.4 and PDO with the ERA-Interim 

annual SST record from 1979−2013 CE (Figure 5.7a−b). Both Nino3.4 and PDO show 

a positive correlation over the two oceanic sectors, (i) WIOS and (ii) Ross-Amundsen 

Sea in the Pacific Ocean Sector (Figure 5.7a−b). Compared to Nino3.4, the PDO shows 

a much stronger correlation over the WIOS. 
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Figure 5.7. Spatial correlation of ERA5 SST with Nino3.4 and PDO. 

Spatial correlation of ERA-5 SST with annual (a) Nino3.4 and (b) PDO record from 

tropical Pacific. The regions of significant spatial correlations (at 95% confidence 

level) are highlighted in black stipples. 

This indicates that SST over the WIOS region is dominantly controlled by 

decadal climate variability. The cross-wavelet analysis of reconstructed SSTA with 

Nino3.4 and PDO index is used to highlight their influence on the annual to decadal 

band (Figure 5.8a−b). The observed result shows the common influence of ENSO at 

2−4 yr during 1885−1990 CE and a complete in phase relation at 4−6 yr frequency band 

for a small-time window 1985−2000 CE (Figure 5.8c). The cross-wavelet analysis of 

reconstructed SSTA with PDO shows substantial control of the PDO signal. PDO 

mainly controls the long-term SSTA over the WIOS region at 32−40 yr frequency bands 

throughout the record (Figure 5.8d). However, a strong in-phase influence of PDO is 

observed at a higher frequency band of 20 yr from 1950−1980 CE. This indicates that 

SSTA over the WIOS region is mainly controlled by decadal variability. 
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Figure 5.8 Cross wavelet transform analysis of reconstructed SSTA with Nino3.4 and 

PDO.  

Annual variation of reconstructed SSTA with (a) Nino3.4 (1870−2019 CE) and (b) PDO 

(1854−2019 CE). Cross-wavelet analysis of reconstructed SSTA with (c) Nino 3.4 

(1870–2019 CE) (d) PDO (1854–2019 CE). The thick black contours indicate 95% 

confidence based on a red noise model. The thick black line indicates a cone of 

influence. The relative phase relationship is shown as arrows (with in-phase pointing 

right, anti-phase pointing left, SSTA leading Nino3.4, and PDO by 90° pointing straight 

down and vice versa). 
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5.2.4 Role of SAM in controlling the SST variability over the WIOS 

region 

Sea ice variability around the Antarctic region is dominantly controlled by ocean-

atmospheric coupled oscillations and modulates the transfer mechanism of heat between 

ocean and atmosphere (Cerrone et al., 2017; Paolo et al., 2018; Renwick, 2002; Sen 

Gupta and England, 2006; Stammerjohn et al., 2008). Sea ice variability also 

significantly modulates the Antarctic climate change. The Southern Ocean's SST 

variation strongly influences the Antarctic sea ice concentration (Purich et al., 2016; 

Renwick, 2002). Spatial correlation between reconstructed SSTA and NSIDC SIC is 

used to examine the influence of SSTA on sea ice variability from 1979−2013 CE 

(Figure 5.9a). The observed result shows a strong inverse correlation over the WIOS 

region. Further, the average annual sea ice concentration over the WIOS region 

(60°S−70°S; 20°E−60°E) is compared with reconstructed SSTA and observed a strong 

inverse correlation (r=−0.66 with NSIDC SIC) (Figure 5.9b). 

 

Figure 5.9. Correlation of sea ice concentration with reconstructed SSTA over the 

WIOS.  
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(a) Reconstructed SSTA of WIOS shows a significant spatial correlation with NSIDC 

sea ice concentration (1979−2013 CE). The regions of significant spatial correlations 

(at 95% confidence level) are highlighted in black stipples (b) Reconstructed SSTA 

show a significant correlation with NSIDC sea ice concentration (r=−0.66, n=35, 

1979−2013 CE) over the WIOS region (60°S−70°S; 20°E−60°E). 

This indicates that modulation in SSTA associated with oceanic circulation and 

heat transport over the WIOS region controls the variability of sea ice concentration. 

However, the atmospheric circulation also controls the Antarctic Sea ice concentration 

and SST of the Southern Ocean. The atmospheric variability over the Southern 

Hemisphere (SH) is associated with SAM, which explains the maximum variability and 

exchange of air mass circulation between extra-tropics and high latitudes (Gong and 

Wang, 1999; Thompson and Wallace, 2000). However, to explore its influence on the 

WIOS region, this study used the annual Marshall SAM index for spatial correlation 

with ERA-5 annual SST from 1979−2013 CE, which shows an inverse correlation 

(Figure 5.10a). This suggests that the recent decrease in SST over the WIOS region is 

clearly associated with shifting SAM to positive mode. Further, a wavelet coherence 

analysis is used to establish this relationship with the reconstructed SSTA of the WIOS 

region. During 1975−2000 CE, wavelet coherence of Marshall SAM Index with 

reconstructed SSTA shows total anti-phase relation within 2−6 years frequency band 

and shifted to the annual frequency band between 2000−2013 CE (Figure 5.10b). 
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Figure 5.10. Spatial and wavelet coherence plots show a possible mechanism for 

variation in SSTA over the WIOS. 

(a) Spatial variation of ERA-5 SST with Marshall SAM-Index (1979−2019 CE). (b) 

Wavelet coherence analysis of reconstructed SSTA with Marshall SAM-Index 

(1957−2019 CE). (c) Anomaly plot for winds (vectors) during the positive SAM years. 

(d) NSIDC SIC anomaly plot during the positive SAM years. Wind pattern during the 

positive SAM years suggests wind-driven sea-ice transport from the Weddell Sea sector 

to WIOS. The stacking of wind-driven sea ice over the WIOS region indicates a drop in 

the regional SST. 
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This highlights the role of SAM in modulating the SSTA of the WIOS region while 

shifting to positive mode. The positive shift in SAM appears to result in intensifying 

westerly winds over the Southern Ocean, bringing significant zonal sea ice drifting from 

the Weddell Sea to the WIOS region (Deb et al., 2017; Holland and Kwok, 2012). Based 

on an anomaly plot of wind vectors during positive SAM years, this study suggests that 

sea ice transport from the Weddell Sea sector to WIOS is strongly influenced by wind 

patterns (Figure 5.10c). As a result of this accumulating sea ice in the WIOS region 

during positive SAM years (Figure 5.10d), the SSTA decreases. This decreasing trend 

is observed in the reconstructed SSTA over WIOS from 1981−2014 CE, with a rate of 

0.023 ± 0.0002 °C decade-1. 

5.3 Conclusions 

This study used high-resolution (seasonal-annual scale) d-excess records (1809−2013 

CE) from newly recovered ice cores from the DML coast of East Antarctica. It shows 

that ice core-based d-excess records in the coastal DML region are primarily related to 

past SST variation in the WIOS area. This study provided the first long-term SST 

records (1809–2019) with annual resolution around the West Indian Ocean Sector 

(WIOS) in Antarctica and allowed investigation of factors contributing to SST changes 

at annual to multi-decadal time scales. The key findings in the present study are as 

follows: 

1. The ice core-based d-excess record from the DML coast revealed an excellent 

correlation with SST variation over the WIOS region. This enabled the 

reconstruction of long-term annual SST records based on d-excess. 

2. The reconstructed SST anomaly record (SSTA) and the available ERA-5 SSTA 

allow identifying trends and long-term variability during 1809−2019 CE. The 
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SSTA shows an increasing trend with a rate of +0.004 ± 0.001 °C decade-1 

during 1809–1967 CE, followed by a declining trend with a rate of −0.028 ± 

0.009 °C decade-1 during 1981–2014 CE. 

3. The long-term decadal variability of SSTA over the WIOS is dominantly 

controlled through PDO, whereas inter-annual variability is mainly associated 

with ENSO. 

4. The recent decline in SSTA over the WIOS is related to the strengthening of 

SAM. This decline in SSTA is mainly controlled by the accumulation of wind-

driven sea ice brought from the Weddell Sea region due to the strengthening of 

SAM. 
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Chapter 6 

Spatio-temporal variability of triple water isotopes in 
high accumulation regions of East Antarctica 

6.1 Introduction 

Atmospheric humidity has a substantial role in regulating the climate system of the 

Antarctic coast. The moisture availability is primarily related to precipitation and ice 

formation, hence, controlling the mass balance of the Antarctic ice sheet (Gettelman et al., 

2006; Naakka et al., 2021). Further, atmospheric moisture also has vast implications in 

modulating the seasonal and spatial variability of Antarctic sea ice (Naakka et al., 2021). 

Therefore, it is essential to understand the relative humidity and moisture condition in the 

past and their recent trend. The satellite-based instrumental data of atmospheric conditions 

is available only from 1979; however, scientists must rely on proxy-based studies from 

Antarctic ice core records beyond the satellite era. 

Snow and ice cores from polar ice caps provide a wealth of information on past 

climate with potentially higher temporal resolution than any other climate proxies and 

comparable to instrumental records at seasonal to decadal time scales. Stable water isotopes 

(δ18O and δD) have played an important role in ice core-based paleoclimate studies ever 

since Dansgaard (1964) explained the relationship between the isotopic composition and 

the temperature of the cloud at the condensation site. The variation of δ18O and D is 

predominantly caused by the disparity in the saturation vapor pressure between the lighter 

and heavier isotopes, leading to equilibrium fractionation. Moreover, the higher diffusivity 

of lighter isotopes than heavier ones lead to kinetic fractionation that contributes to the 

formation of snowflakes and evaporation. Compared with the D record, the kinetic 
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fractionation substantially influences δ18O (Merlivat, 1978), resulting in the deviation from 

the Global Meteoric Water Line (GMWL). This deviation from GMWL is considered a 

second-order effect, measured by d-excess (deuterium-excess) (Dansgaard, 1964).  

 The d-excess in the vapor over the ocean generally increases with decreasing 

humidity, therefore considered a tracer for the past moisture source in the polar records 

(Jouzel et al., 1982). The transportation of air masses from the evaporative sources from 

the southern ocean to Antarctica experience significant isotope fractionations due to 

successive precipitation during the moisture transport, therefore d-excess account for both 

the processes, i.e., condensation and source temperatures (Petit et al., 1991; Stenni et al., 

2001; Vimeux et al., 1999). Model studies have also demonstrated that the relative humidity 

signal of the source region in the polar d-excess could be inundated by the variation in the 

sea surface temperature at the evaporative source (Vimeux et al., 1999). Therefore, d-excess 

can be used as a proxy to reconstruct the temperature at the source rather than relative 

humidity. 

Recent advancements and new analytical techniques have enhanced the capability 

of accurately measuring the least abundant oxygen isotopic ratio, 17O/16O (Barkan and Luz, 

2007; Landais et al., 2008). As a result, a new hydrological tracer known as 17O-excess has 

been introduced into the stable isotopic system. The 17O-excess record is strongly related 

to relative humidity (Angert et al., 2004; Schoenemann et al., 2014), but unlike the d-excess, 

it is not affected by the temperature and isotope composition of the surface waters (Landais 

et al., 2008). Therefore, the 17O-excess record in the ice/snow core can be used as a more 

robust and reliable proxy for the reconstruction of relative humidity and related 

meteorological parameters. However, the 17O-excess records from the Antarctic ice/snow 
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cores are very limited, especially from the high accumulation of east Antarctica. Further, 

model-based studies are associated with several complexities, such as the sensitivity of 

water isotope ratios in precipitation with variation in atmospheric circulation 

(Schoenemann and Steig, 2016). Due to these challenges in quantification, the ice/snow 

core record can be used to understand the evolution of the moisture source and relative 

humidity over the DML region of East Antarctica. 

 In this study, a snow core transect from the DML region (coast to inland) of east 

Antarctica is used to understand the spatial variability of d-excess and 17O-excess in the 

DML region and investigate the meteorological/geographical control over the DML region. 

The model-derived stable isotopes from ECHAM5-wiso (Steiger et al., 2017; Werner et al., 

2018) are also used to compare with the snow core transect. Further, an attempt has been 

made to reconstruct the first long-term relative humidity for the past two centuries 

(1809−2013 CE) based on the 17O-excess ice core record from the DML region. 

6.2 Results and Discussion 

6.2.1 Spatial distribution of triple water isotopes in Antarctica and factors 

controlling their variability 

The interpretation of Antarctic ice core stable isotopic records requires a precise 

assessment of D and 18O distributions in surface snow. The evaluation, however, requires 

sufficient in situ observations. A recent study by Masson-Delmotte et al. (2008) has 

compiled a stable isotopic record of the surface snow from various locations in the 

Antarctic. The compilation constitutes an almost complete database of stable isotopic 

records from several observation sites since the 1960s. Even though the DML region still 

shows data gaps due to the introduction of new proxies. For the first time in the DML 
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region, spatial variability of triple-oxygen isotopes (18O, 17O, and 16O) in modern snow 

along a transect was used to delineate the processes and their paleoclimatic interpretations. 

The stable isotopes (18O, 17O, and D) from the snow core transect aided our 

understanding of spatial variations and investigated the influences of meteorological and 

geographical controls. In this study, isotope-enabled ECHAM5-wiso model data of stable 

isotopes are used to compare with surface snow core transect data. The ECHAM5 

(European Central Hamburg Model) is an atmospheric general circulation model developed 

at the Max Planck Institute for Meteorology. When enabled with a stable water isotope, this 

model simulation is called ECHAM5-wiso. The ECAHM5-wiso model outputs are 

available at long-term time scales (Steiger et al., 2017) and in the recent satellite era 

(Werner et al., 2018). The long-term model simulation of the ECHAM5-wiso model results 

is available from 1871 to 2011 at T106 (1 degree) spatial resolution. The boundary 

conditions used in the long-term ECHAM5-wiso simulations were taken from HadISST 

fields. The ECHAM5-wiso model derived D and δ18O distribution map for the year 2008, 

is shown in Figure 6.1a-b which clearly shows significant spatial variability. The spatial 

distribution plots show a decline of D and δ18O from the coast to inland due to the 

fractionation of heavier isotopes from the moisture moving towards inland Antarctica 

(Figure 6.1a-b). It has been shown earlier by Masson-Delmotte et al. (2008) that the change 

in isotopic values is associated with condensation temperature along the snow core from 

coastal to inland, which is influenced by factors such as latitude, distance from the coast, 

and elevation. The isotopic signature in the snow core is consistent with the model-derived 

results and earlier studies from Masson-Delmotte et al. (2008). Surface snow core records 

from the Mountain region show steep isotopic gradients (Figure 6.1d-e) due to rapid 

cooling and continentality (Wang et al., 2009). 
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Further, to understand the spatial variation in the relative humidity, the d-excess 

record is derived from the ECHAM5-wiso model (Figure 6.1c). Spatial distribution plots 

of model-based d-excess show a continuous increase from the coast to the inland region. 

The snow core transects also show an increasing trend in d-excess from coast to inland 

(Figure 6.1f). However, the relative humidity increases from coast to inland of the 

Antarctic; therefore, d-excess should ideally indicate a decreasing trend towards inland 

Antarctica. The results show deviation in the model and observed d-excess record. This 

deviation is possibly due to the influence of Sea Surface Temperature and relative humidity 

in the d-excess record (Bonne et al., 2019; Schlosser et al., 2008). 
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Figure 6.1. Spatial variation of stable isotope derived from the ECHAM5-wiso model 

and surface snow core transect. 
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Spatial variation of ECHAM5-wiso model derived (a) D (b) 18O and (c) d-excess record 

(per mil) in precipitation. Surface snow core stable isotopic record of (d) D (b) 18O and 

(c) d-excess record (per mil) in precipitation. Light grey, brown, and blue shaded colours 

denote the coast, mountain, and inland snow samples. 

6.2.2 Spatial variation in the 17
O-excess record over the DML region 

 Recently, the advent of new technology and, thus, improvement in the measurement 

precisions of δ17O and δ18O enabled us to derive 17O-excess and introduce a new proxy for 

more accurate reconstruction of past relative humidity and moisture transport history. The 

deviation from the GMWL in the δ18O and δ17O plots is calculated as 17O-excess. The 

variation in the 17O-excess is small and hence calculated on the logarithmic scale (Barkan 

and Luz, 2005), unlike the d-excess record, described on the linear scale. The correlation 

between the δ18O and δ17O records of the snow core transect is shown in Figure 6.2a. 

Excellent correlation is observed between δ18O and δ17O along the snow core transect with 

slope (m=0.537). The 17O-excess record from the surface snow core transect shows a 

decreasing trend from coast to inland (Figure 6.2b). However, three sharp increases in the 

17O-excess record are observed (DML03-DML05, DML07-DML13, and DML18-

DML20), which might be due to a sharp rise in elevation while moving toward inland. 
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Figure 6.2. Relationship between δ17O and δ18O in DML surface snow core transect and 

the variation of 17O-excess (per meg). 

A linear relationship between (a) δ17O (per mil) and δ18O (per mil) record in DML 

surface snow core transect, dotted black line denotes the Global Meteoric Water Line. (b) 

Variation of 17O-excess record in the surface snow core transect. 

In this study, ERA5 relative humidity data is used to investigate the role of relative 

humidity on the d-excess and 17O-excess records. The d-excess record shows a positive 

correlation with relative humidity (r=0.52, n=18) (Figure 6.3a); however, an inverse 

relationship is expected to be observed based on the empirical relation. The d-excess may 

have a mixed signal of sea surface temperature, thereby deviating from the typical 

correlation. The 17O-excess record, used as a robust proxy for the relative humidity (Landais 

et al., 2012; Uemura et al., 2010), shows an inverse correlation along the snow core transect. 

The correlation between the 17O-excess and ERA5 relative humidity is significant over the 

DML region (r= −0.77, n=18) (Figure 6.3b). This suggests that the newly derived proxy 

17O-excess is strongly influenced by the variation in relative humidity over the DML region. 
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However, geographical factors also indirectly control the variability in the 17O-excess 

record due to the modulation of relative humidity. The snow core record in the mountain 

region (DML07−DML13) shows a sharp increase in the 17O-excess due to lower relative 

humidity in the mountain region. 

 

Figure 6.3. Correlation of relative humidity (%) with (a) d-excess (per mil) and (b) 17O-

excess (per meg). 
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The 17O-excess and relative humidity show a significant inverse correlation due to 

the negligible influence of temperature. Therefore, 17O-excess shows a more promising 

proxy for reconstructing past relative humidity using the ice core 17O-excess record from 

the DML region. In this study, an attempt has been made to obtain a high-resolution form 

of stable oxygen isotope ratio with a primary focus on the 17O-excess record-based IND33 

ice core from the DML region. The isotopic measurement was made at an interval of ~50-

70 cm resolution (one sample per core run) of the total core length. A total of 186 runs were 

made for the IND33 ice core (intact ice core sample retrieved from R1−R186). In this study, 

one sample is measured from each intact ice core and processed to obtain the data for 

deriving the 17O-excess. Details of the sampling, measurement technique and methods are 

discussed in previous Chapter 2 (see Section 2.3). The age-depth model has already been 

discussed elsewhere by Ejaz et al. (2021) and is used for the chronology of 17O-excess. 

6.2.3 Temporal variation of 17
O-excess in ice core record and controlling 

factors 

The ice core record of 17O-excess shows significant variability in the last 200 years 

(1809−2013 CE), ranging from -8 to 78 per meg with an average value of ~31 per meg 

(Figure 6.4). This high variability in the 17O-excess record is possibly due to a change in 

the supply of moisture from the Weddell Sea during low and high ice conditions (Ejaz et 

al., 2021; Rahaman et al., 2016). However, the other factor controlling such large variability 

in the 17O-excess record is related to wind strength, which contains moisture transport. The 

17O-excess is not showing any discernible trends during the 19th century (Figure 6.4). An 

increasing trend is observed at the beginning of the 20th century, followed by a rapid 

decrease during 1993−1996 CE (Figure 6.4). 
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Figure 6.4. Annual variation of the 17O-excess (per meg) in the IND33 ice core.   

To investigate possible influencing factors that control the variability in the 17O-

excess, here we used a spatial correlation of 17O-excess with the ERA5 relative humidity 

(%) for the period 1979−2013 CE (Figure 6.5a). It was observed that 17O-excess and ERA5 

relative humidity is inversely correlated over the DML region. However, a linear regression 

equation is derived from the correlation observed between ERA5 relative humidity and 

17O-excess record during the period 1979−2013 CE. This linear equation observed between 

the ERA5 relative humidity, and 17O-excess can be used to derive the relative humidity for 

the past two centuries with an underlying assumption that these relationships were 

stationary for the entire ice core record (Figure 6.5b). Studies have suggested that relative 

humidity largely influences radiative energy transfer and mass balance of the Antarctic ice 

sheet (Gettelman et al., 2002; Gettelman et al., 2006; Naakka et al., 2021). Therefore, this 
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study attempts to reconstruct the relative humidity over the DML region for a better 

understanding of the precipitation and ice sheet mass balance.  

 

Figure 6.5. (a) Correlation of IND33 ice core 17O-excess record with ERA5 Relative 

Humidity (%). (b) Linear regression of 17O-excess with ERA5 Relative Humidity (%) 

during 1979−2013 CE. 

Black dots in Figure 6.5a highlight the regions of significant correlation at 95% confidence 

level. 

6.2.4 Reconstruction of relative humidity and its role in Antarctic climate 

variability 

The regression equation derived from the relation between 17O-excess vs. relative 

humidity (%) was used to reconstruct the record of the relative humidity (%) for the past 

two centuries (1809−2013 CE). The reconstruction assumes that this correlation has been 

consistent over the past two centuries. The reconstructed relative humidity (%) shows 

significant annual variation ranging from ~ 63−67 % (Figure 6.6a). The variation in the 
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relative humidity largely controls the total precipitation of the region and, therefore, 

significantly influences the variability of the Antarctic sea ice and ice-sheet mass balance 

(Gettelman et al., 2006). To investigate the evolution and relation of relative humidity with 

other factors such as precipitation, sea ice, and Antarctic ice sheet mass balance. This study 

used a spatial correlation of reconstructed relative humidity with ERA5 Total Precipitation 

and NSIDC sea ice (Peng et al., 2013) during the 1979−2013 CE. 
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Figure 6.6. (a) Reconstructed relative humidity for the past two centuries (1809−2013 CE) 

based on the 17O-excess record. Spatial correlation of reconstructed relative humidity with 

(b) ERA5 Total Precipitation and (c) NSIDC sea ice Concentration during 1979−2013 CE.  
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The black line denotes the reconstructed relative humidity, and the red line represents the 

ERA5 relative humidity (%). Black dots highlight the regions of significant correlation at 

95% confidence level. The red star denotes the IND33 ice core location. 

The reconstructed relative humidity significantly correlates with total precipitation 

in the DML region (Figure 6.6b). Additionally, a significant correlation is also observed 

between relative humidity and NSIDC sea ice in the proximal oceanic sector of the DML 

region (Figure 6.6c). Therefore, it is suggested that the variation in the relative humidity 

and moisture supply controls the precipitation, ice sheet mass balance, and sea ice 

variability in the Antarctic region. However, different modes of climate variability in the 

tropical and extra-tropical regions control the Antarctic climate variability. Therefore, it is 

essential to understand the role of these climate modes on the variability of reconstructed 

relative humidity for the past two centuries. 
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Figure 6.7. (a) Reconstructed relative humidity (%) (1809−2013 CE) based on the linear 

regression equation derived from the correlation plot between 17O-excess and ERA5 
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relative humidity (%). (b) Spectral analysis of reconstructed relative humidity (%). (c) 

Wavelet transform analysis of reconstructed relative humidity (%). 

6.2.5 Relative humidity variability and influence of different climate 

modes 

To identify the influence of these climate modes in the reconstructed relative humidity over 

the DML region, a power spectrum analysis was performed (Figure 6.7b), which shows 

significant periodicities in the 3-8 yr frequency band. This interannual variability in the 

relative humidity could be due to the influence of El Niño Southern Oscillation (ENSO). 

ENSO variability has a larger role in controlling the relative humidity and related tropical 

precipitation (Todd et al., 2018). However, tropical variability also influences the Antarctic 

coastal region. The details of ENSO teleconnection in controlling the DML climate are 

discussed in chapters 3 and 4. Additionally, decadal periodicities of 10 yr and 23 yr are also 

observed in the relative humidity record, suggesting the influence of decadal oscillation 

such as Interdecadal pacific oscillation (IPO) (Figure 6.7b). A wavelet transform analysis 

is performed on reconstructed relative humidity to infer the evolution of ENSO and IPO-

related variability (Figure 6.7c). The wavelet transforms show a significant ENSO signal 

of 3-8 yr frequency band during 1830−1890 CE and a decadal signal of 22–23-year 

frequency band during ~1865−1885 CE (Figure 6.7c). However, it is important to 

understand the relation of these climate modes to the variability of relative humidity in the 

DML and its proximal oceanic sectors.   

 To understand the role of these climate modes, spatial correlation of relative 

humidity is performed with Southern Oscillation Index (SOI), IPO, and Southern Annular 

Mode (SAM) during 1979−2013 CE. SOI is an ENSO index derived from the pressure 
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difference between the western and eastern tropical pacific during El Niño and La Niña 

(Trenberth, 1984). Studies suggested that the extended period of negative (positive) SOI 

coincides with the warm (cold) oceanic water condition in the tropical pacific (Ropelewski 

and Jones, 1987; Trenberth, 1984; Trenberth and Caron, 2000). SOI and relative humidity 

show an inverse correlation over the DML region (Figure 6.8a). This inverse correlation 

suggests that during the El Niño (warm) oceanic water condition, the DML region observed 

an increase in the relative humidity and vice versa. However, the correlation is weak, 

possibly due to interference of interannual variability from SAM. The IPO is regarded as 

PDO-like climate variability over the Pacific region, with decadal cyclicity of 20−30 years 

(Henley et al., 2015; Vance et al., 2022). The positive and negative phase of IPO is related 

to the warm and cold ocean water condition. The IPO and relative humidity were 

significantly correlated over the DML region (Figure 6.8b). This suggests that during the 

positive phase of IPO, the DML region observed an increase in relative humidity. 

 

Figure 6.8. Spatial correlation of ERA5 relative humidity with (a) SOI, (b) IPO, and (c) 

SAM during 1979−2013 CE. 

Black dots highlight the regions of significant correlation at 95% confidence level. 
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Wind is one of the most prominent climate variables that control the relative 

humidity and moisture supply variability. The relative humidity is dominantly controlled 

by the variability of wind speed (Xu et al., 2021). Therefore, the climate modes controlling 

the wind, such as SAM, have a more prominent role in controlling the variability of relative 

humidity. SAM is the leading mode of pressure differences between the extra-tropics and 

Antarctica (Gong and Wang, 1999; Marshall, 2003; Simmonds et al., 2003; Thompson and 

Wallace, 2000; Turner et al., 2005). It has been demonstrated in several studies that the 

SAM dominates extratropical atmospheric circulation over the SH. During the positive 

mode of SAM, negative pressure anomalies are present over the Antarctic region, thereby 

strengthening the westerly wind (Hall and Visbeck, 2002; Thompson and Wallace, 2000). 

As a result of the strengthening of westerlies, the relative humidity may show a 

considerable variation in the DML region and its proximal oceanic sectors of East 

Antarctica. Therefore, an attempt has been made to understand the relationship between 

SAM and relative humidity over the DML region. The SAM index and relative humidity 

show a significant inverse correlation (Figure 6.8c). This suggests that during the positive 

mode of SAM, westerlies are intensified; therefore, the DML region and nearby oceanic 

sector observed a reduction in the relative humidity during 1979−2013 CE. 

6.3 Conclusion 

This study attempts to understand the spatial variability of the triple oxygen and hydrogen 

isotope in the DML region of East Antarctica for the first time and further understand the 

variability of the relative humidity in the past two centuries. It was found that the isotopic 

variation in the surface snow transect from coast to inland follows a similar trend as 

observed in the ECHAM5-wiso model-derived stable isotopes. Model and surface snow 
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core shows a depletion of heavier isotopic from coast to inland due to the removal of heavier 

isotopes in the successive precipitation events during the transport from coast to inland. 

The 18O and D in the mountain region show a monotonic decreasing trend due to a rapid 

drop in the temperature with elevation and continentality. The 17O-excess from surface 

snow shows a decreasing trend while moving from coast to inland and is inversely related 

to relative humidity. 

 Additionally, this study reconstructed the first long-term relative humidity 

record from the DML region based on the 17O-excess ice core record. The relative humidity 

has large-scale implications on regulating the Antarctic precipitation, sea ice variability, 

and ice sheet mass balance. This study observed a significant correlation between relative 

humidity and precipitation in the DML region. This suggests that increasing relative 

humidity brings more precipitation, resulting in increased accumulation on the Antarctic 

ice sheet. Further, the sea ice variability in the proximal oceanic sector of the DML region 

is primarily controlled by the variation in relative humidity. Increased relative humidity 

provides more moisture for sea ice formation. However, the variability in the relative 

humidity is largely controlled by different climate modes, which modulate the Antarctic 

climate. It was found that ENSO is dominantly controlling the Interannual variability of the 

reconstructed relative humidity. The spatial correlation between SOI and relative humidity 

suggests that during the warm ocean condition, relative humidity increases in the DML 

region. This study also shows that IPO controls the decadal relative humidity variability 

and is positively correlated with the DML region. Furthermore, SAM has a more significant 

role in controlling wind-related variability in the relative humidity of the DML region. The 
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study suggests that positive SAM results in the strengthening of westerly wind and a 

reduction in relative humidity during 1979−2013 CE.
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Chapter 7 

Summary and Future Perspectives 

This thesis deals with the long-term reconstruction of annual surface air temperature, 

sea ice concentration, sea surface temperature, and associated atmospheric parameters 

based on annually resolved stable water isotopic parameters (18O, D, d-excess, and 

17O-excess) of ice cores retrieved from the Dronning Maud Land (DML) region of East 

Antarctica. The 18O ice core records were used to reconstruct the surface air 

temperature of the DML region and the sea ice concentration variability of the Western 

Indian Ocean Sector of Antarctica (WIOS) region. The present study provides the first 

long-term reconstruction of the annual variability of sea ice concentration for the past 

two centuries. Second-order proxies like d-excess and 17O-excess were used to 

reconstruct the sea surface temperature over the WIOS region and relative humidity in 

the DML region, respectively. The reconstructed records for the past two centuries show 

excellent variability and trends that enable us to assess the roles of different climate 

modes and forcings factors. 

Further, several snow cores (~1 m each) collected along a coast-to-inland transect in 

DML, representing at least one year of snow accumulation, were used to generate spatial 

records of triple oxygen and hydrogen isotopes comparable to model-derived records. 

The key findings of the doctoral study are summarized in the following sections. 

7.1 Surface air temperature of the DML region during the 

past two centuries 

A high-resolution (annually resolved), nearly two centuries long (1809−1993 CE) 

surface air temperature record was reconstructed utilizing the 18O profile of an ice core 
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record (IND33) from the DML region of East Antarctica. The temperature signals from 

this previously collected ice cores from the DML region were extracted using a principal 

component analysis (PCA) to reconstruct the DML surface air temperature record from 

1809−1993 CE. The ERA5 (fifth generation ECMWF atmospheric reanalysis of the 

global climate) temperature anomaly record (1994−2019 CE) combined with ice core-

based surface air temperature reconstruction (1809−1993 CE) enables us to examine the 

long-term trends, variability, and links to various climate modes such as SAM (Southern 

Annular Mode), ENSO (El Niño Southern Oscillation), and IPO (Interdecadal Pacific 

Oscillation). A significant cooling trend is observed with a rate of -0.164 ± 0.045 °C 

decade-1 during 1809−1907 CE, followed by a significant warming trend at a rate of 

+0.452 ± 0.056 °C decade-1 during the recent decades (1942−2019 CE). The present 

study revealed that ENSO, coupled with SAM, is the primary factor modulating surface 

air temperature variability. The ENSO band temperature signals have been persistent 

during the past two centuries, and since the 1940s, a significant shift from low-

frequency (12−18 years band) to high-frequency (2−8 years band) oscillations has been 

observed. The dramatic warming in the recent decades in DML has been attributed to 

the effect of SAM shifting to a positive phase, coupled with increasing ENSO influence 

in this region of Antarctica. 

7.2 Sea ice concentration, trends, and variability during the 

last two centuries 

Antarctic sea ice plays a vital role in modulating the global climate. It is one of the 

least studied but critical climate variables for understanding past and future climate 

changes. The present study provides the first long-term (1809 to 2019) sea ice 

reconstruction of the WIOS region based on multiple annually resolved stable isotope 

ice core records combined with satellite data from the DML region. This enables us to 
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determine the factors contributing to sea ice variability on an annual to multidecadal 

time scale. Sea ice record revealed a significant decline during 1830–1884 CE with a 

rate of 0.58 ± 0.12 % decade-1, followed by a moderately increasing trend with a rate of 

0.24 ± 0.11% decade-1 during 1927–1993 CE. The observed NSIDC sea ice record over 

the WIOS region during the recent decades (1994–2014 CE) shows a dramatic increase 

in the past two centuries with a rate of 2.59 ± 0.86 % decade-1. The study found that the 

sea-ice variability in the WIOS region is predominantly influenced by wind-driven sea-

ice dynamics, mainly through SAM modulation and teleconnection to Pacific 

oscillations. Further, interannual sea ice variability and trend have increased in recent 

decades over the WIOS region due to the shift in the SAM phase and concurrent 

increase in ENSO frequency. 

7.3 Sea surface temperature variability in WIOS and control 

of different climate modes 

Sea surface temperature (SST) is a crucial component of the ocean system in 

understanding the response to climate change. The SST variation in the proximal 

oceanic sectors has a more prominent role in controlling the coastal Antarctic climate. 

However, SST records on annual scale resolution are not available on a longer time 

scale. Annually resolved d-excess records (1809−2013 CE) from the IND33 ice core 

were used to reconstruct the SST variation during the past two centuries. The results of 

this study show that d-excess records based on ice cores are mainly related to past SST 

variations in the WIOS area and can be used to reconstruct past SST anomalies (SSTA). 

Together with the reconstructed SSTA records (1809−2013 CE) and the available ERA5 

SSTA, we provided the first long-term reconstructed SST record (1809–2019) with the 

annual resolution for WIOS. Our reconstructed SSTA record and available ERA-5 

SSTA allow us to identify long-term trends and variability. Over 1809−1967 CE, the 
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SSTA shows an increasing trend of +0.004 °C decade-1, followed by a declining trend 

of −0.028 °C decade-1 during 1981−2014 CE. It was found that the tropical variability 

related to PDO (Pacific Decadal Oscillation) has a dominant role in controlling the 

decadal variability of SSTA over the WIOS. However, the recent decline in SSTA over 

the WIOS can be attributed to the wind-driven sea ice accumulation caused by the 

strengthening of SAM. 

7.4 Spatial and temporal variability of triple water isotopes 

in coastal East Antarctica 

This study addressed the spatial variability of triple oxygen and hydrogen 

isotopes along a transect of snow cores retrieved from the DML region. The isotopic 

variation in the snow followed a similar coast-to-inland trend obtained from the 

ECHAM5-wiso model. It was found that both surface snow cores and the model outputs 

show depletion of heavier isotopes from coast to inland due to the fractionation of 

heavier isotopes in precipitation events. However, the mountain region shows a 

monotonic decreasing trend in 18O and D due to rapid temperature drops with height 

and the effect of the polar plateau. The 17O-excess record shows a decreasing trend from 

coast to inland and is inversely correlated with relative humidity. 

Additionally, this study reconstructed the first long-term relative humidity record from 

the DML region based on the 17O-excess ice core record. It was found that the 

reconstructed relative humidity has large-scale implications for regulating the Antarctic 

precipitation in the DML region and sea ice variability in the proximal oceanic sector. 

This study also observed the role of different climate modes, such as ENSO, IPO, and 

SAM, in controlling the variability of relative humidity in the DML region.  
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7.5 Future Perspectives 

The present study using proxy records of Antarctic ice cores retrieved from the 

DML region, provided annually resolved records of surface air temperature, sea ice 

concentration, and sea surface temperature for the past two centuries. Studies of coastal 

ice rises have demonstrated that coastal DML from Antarctica offers excellent sites for 

obtaining annually resolved reconstruction of Antarctic climate, sea ice, westerly wind 

strength controlled global and regional climatic modes, and atmospheric-ocean 

interactions. The Southern Hemisphere westerly winds and sea ice have a critical role 

in the global climate system through their influence on Southern Ocean (SO) 

circulation, upwelling, and carbon exchange with the deeper ocean. Stronger winds (and 

reduced sea ice) will enhance ventilation and increase carbon transfer from the ocean 

into the atmosphere, resulting in an accelerated global mean temperature rise through 

an enhanced greenhouse effect. However, an unequivocal link between SO upwelling 

and atmospheric CO2 remains elusive mainly due to the limited observational data and 

limitations of models. Therefore, reconstructing westerlies, sea ice, and resultant gas 

fluxes across the ocean surface over several hundred and thousands of years from 

coastal Antarctica using ice cores is critically important in understanding the tipping 

points in the climate system. The study of decadal climate variability, which has strong 

regional characteristics and modulates long-term global warming trends, is critical to 

understand the recent climate variability and its societal implications. Establishing the 

long-term relationships between westerly winds, sea ice, and various climatic 

modes/oscillations on a long-term basis would also help in understanding the potential 

extratropical/tropical linkages. Therefore, future ice core studies from the DML region 

should focus on quantifying the extent to which the SO will act as a source or sink of 

CO2 in the future. 
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