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Abstract

Antarctica’s sea ice cover is an important component in the global climate system. The
variability and recent trends of sea ice concentration are, however, not accurately reproduced
by models. Evaluating model performance is hampered because the processes that determine
sea ice distribution are not yet well understood, particularly in the East Antarctic region.
Here I explore the relationships between recent climate variability and sea ice around East
Antarctica, the spatial variability in these relationships, and the impacts that these may have
on other aspects of the climate and cryosphere. To achieve this, I analysed satellite-derived
HadISST sea ice concentration (SIC) alongside ERAS atmospheric reanalysis data for the
period between 1979-2018.

I found that variability in sea ice coverage around East Antarctica was affected by El Nifio
Southern Oscillation (ENSO), the Indian Ocean Dipole (I0D), the Southern Annular Mode
(SAM), and Zonal Wave 3 (ZW3). Additionally, I found that the influence of each of these
modes varied spatially and temporally, and that sea ice variability affected how regional scale
climate responded to changes in large-scale circulation. Summer and autumn SIC around
Dronning Maud Land between 10°E and 70°E exhibited a statistically significant negative
correlation with the Nifio 3.4 index. Analysis of ERAS data suggests that a southward-
propagating atmospheric wave train triggered by SST anomalies in the tropical Pacific extends
into Dronning Maud Land and alters sea ice concentration by encouraging meridional airflow.
Shifts in meridional flow in Dronning Maud Land affected sea ice thermodynamically, by

altering local heat transport and in turn altering sea ice formation and melt.

Sea ice around the Western Pacific sector (WPS) of East Antarctica showed a significant
association with variability in the IOD and the SAM. The IOD was correlated with SIC in
all seasons but summer. The IOD-SIC relationship is likely driven by an I0OD-associated
atmospheric wave-train which propagates polewards from the tropical Indian Ocean to Wilkes
Land, altering regional circulation and in turn affecting SIC through changes to local climate
and sea ice transport. The correlation between WPS SIC and the SAM shifts from positive in
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summer and autumn to negative in winter and spring, and is likely due to the influence of the

SAM on katabatic winds and coastal polynyas, which in turn affect SIC.

A significant correlation was observed between SIC variability around East Antarctica
and precipitation variability across the continent and the near-coastal Southern Ocean. Further
analysis showed that SIC affected how continental precipitation responded to large-scale
atmospheric circulation, including modes such as ZW3 and the SAM. Specifically, increased
southward moisture flux was only associated with increased precipitation in the inland coastal
regions of the continent when SIC was anomalously low. These findings suggest that any
future decrease in sea ice may result in greater coupling of climate variability with continental

precipitation.



Table of contents

List of figures xiii
List of Abbreviations XV
1 Introduction 1
I.1  Antarctic S€aice . . . . . . . . v v v i e e e 2
1.1.1 East Antarctic sea ice environment . . . . . . . . . . . . . ... .. 2

1.1.2  Seaiceimpactonclimate . .. ... .. .............. 4

1.1.3  Climatic drivers of sea ice distribution . . . . . . . . ... ... .. 4

1.2 Recent seaice trends and variability . . . . ... ... ... ... .. ... 5

1.3 Large-scale drivers of recent sea ice variability . . . . . .. ... ... ... 6
1.3.1 Southern AnnularMode . . . .. ... .. ... .. ... ..... 7

1.3.2  El Nifo-Southern Oscillation . . . . . . .. .. .. ... ... ... 8

1.33 Zonal Wave3 . . . . . .. ... 11

1.3.4 Indian OceanDipole . . . . . .. .. ... ... ... ....... 11

1.4 Links between Antarctic sea ice, climate, and ice sheets . . . . . . . . . .. 12

1.5 Aims and organisationof thesis . . . . . . . ... ... ... ... .... 14

2 Data and Methods 17
2.1 Data . ... e 17



x | Table of contents

2.2

2.1.2 Seaicemotion . . . . . . ... 18
2.1.3 Atmospheric reanalysisdata . . . . . . ... ... ... ... .. 19
2.14 Climatemodeindices . . . . . . . . .. .. ... ... ... ... 19
Analysistechniques . . . . . . .. ... 20
22.1 Linearcorrelation . . . . . . . .. ... ... ... 20
222 Composite analysis . . . . . . . . . ... 21

3 SAM and 10D influence sea ice variability around Western Pacific sector of

East Antarctica 23
3.1 Introduction . . . . . . . . . L L 24
32 Results. . . .. 26
33 DISCUSSION . . . o v v o e e 36
3.3.1 IODinfluenceonSIC. . . . . ... ... ... ... .. ... 37
332 SAMinfluenceon SIC . . . . ... ... ... 38
333 SAM/IODinteraction. . . . . . . . . . ... .o 41
34 Conclusions . . . . . . .. e 42

4 ENSO modulates summer and autumn sea ice variability around Dronning

Maud Land 45
4.1 Introduction . . . . . . . . . . . . . e e 45
42 Results. . . . . ... e 47
4.2.1 Seaice correlation with Nifio 3.4index . . . .. .. ... ... .. 47
4.2.2 Seaice correlation and composites with atmospheric reanalysis . . 48
4.2.3 Nifio 3.4 correlation with atmospheric reanalysis . . . . . ... .. 56
43 DIscussSion . . . . . . .. e e e e e 56
44 ConClusions . . . . . . . ... e e e 64

5 Seaice modulates precipitation response to large-scale climate variability across
East Antarctica 65



Table of contents | xi

5.1 Introduction . . . . . . .. L 65

5.2 Results. . . . . .o 68
5.2.1 Localised correlations . . . . . .. .. .. ... ... ..., 68

5.2.2 Largerscalecorrelation. . . . . . ... .. ... ... .. ..., 72

523 Composite analysis . . . . . . . .. ... o 73

53 Discussion . . . . ... e e 75
54 Conclusions . . . . . ... 78

6 Synthesis and conclusions 81
6.1 Summary . . . . . ... e 81

6.1.1 SAM and IOD influence sea ice variability around Western Pacific

sector of East Antarctica . . . . . . . . . . . . .. ... 81

6.1.2 ENSO modulates summer and autumn SIC around Dronning Maud

Land . . . . . . . 83

6.1.3  SIC modulates precipitation response to climate variability . . . . . 83

6.2 Synthesis . . . . . . .. 85
6.3 Contributions and Future Directions . . . . . . .. ... ... ... .... 86

References 89






List of figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7

2.1

3.1
3.2

3.3
3.4
3.5

3.6
3.7
3.8

Average seasonal sea ice concentration between 1979 and 2018 . . . . . . . 3

Sea ice concentration trends and variability around Antarctica for 1979-2018 6

Schematic of the Southern Annular Mode . . . . . .. .. ... ... ... 8
Schematic of El Nifio-Southern Oscillation . . . . .. .. ... ... ... 10
Schematic of Zonal Wave 3 . . . . . . . .. ... Lo 12
Schematic of the Indian Ocean Dipole . . . . . . ... ... ... ..... 13

Line plot of correlation between SIC around East Antarctica and SAM, 10D,

ENSO,and ZW3 . . . . . . e 15
Map of East Antarctic study area . . . . . . . . . ... .. ... ..., 22
Map of Western Pacific sector and associated place names . . . . . . . .. 24

Line plot of correlation between SIC around East Antarctica with SAM, IOD,

ENSO, and ZW3 . . . . . e 27
Average seasonal SIC around the Western Pacific sector . . . . . . ... .. 28
Map of correlation between 10D and SIC around Antarctica . . . . . . .. 29

Map of correlation between SIC in IOD-correlated sectors, and atmospheric

reanalysis . . . . ... . L e e 31
Map of correlation between IOD, atmospheric reanalysis and sea ice motion 32
Map of correlation between the SAM and SIC around Antarctica . . . . . . 33

Map of correlation between the SAM, atmospheric reanalysis and sea ice
MOLION . . . . . v vttt e e e e e e e e e e e e 34



xiv | List of figures

3.9 Scatterplots of the IOD index against the SAM index . . .. ... .. ...

3.10 Composite sea ice anomalies during different IOD and SAM phase combina-

4.1 Map of the Dronning Maud Land study area . . . . . . ... ... .....
4.2 Line plot of correlation between SICand ENSO . . . . . ... ... ....
4.3 Dronning Maud Land SIC time series and seasonal averages . . . . . . . .

4.4 Map of correlation between Dronning Maud Land SIC, air temperature, and
geopotential height . . . . . . .. ... ... L

4.5 Map of correlation between Dronning Maud Land SIC and SST . . .. ..
4.6 Composites of SST and geopotential height for Dronning Maud Land SIC .

4.7 Composites of air temperature and geopotential height for Dronning Maud
Land SIC . . . . . . e

4.8 Composites of northward heat flux around Dronning Maud Land . . . . . .
4.9 Composites of sea ice motion around Dronning Maud Land . . . . . . . ..

4.10 Correlation between ENSO, air temperature, and sea ice motion around
Dronning Maud Land . . . . . . . ... ... ... ... ... . ...

4.11 Correlation between ENSO, SST, and geopotential height around Dronning
MaudLand . . . . . . . . ...

4.12 Correlation between ENSO, wind, and northward heat flux around Dronning
Maud Land . . . . . . . . .

5.1 Map of correlation between SIC and precipitation around Antarctica . . . .

69

5.2 Map of correlation between SIC and northward moisture flux around Antarctica 70

5.3 Map of correlation between SIC and evaporation around Antarctica . . . . .
5.4 Map of correlation between SIC and geopotential height around Antarctica

5.5 Precipitation anomalies for southward moisture flux over the sea ice zone

71
72
74



List of Abbreviations

Roman Symbols

ASL Amundsen Sea Low

CDW Circumpolar Deep Water

DIJF December-January-February

DMI Dipole Mode Index

DML Dronning Maud Land

EAIS East Antarctic Ice Sheet

ECMWF European Centre for Medium-Range Weather Forecasts
ENSO El Nifio Southern Oscillation

H500 500hPa geopotential height

10D Indian Ocean Dipole
JAS July-August-September
JJA June-July-August

MAM March-April-May

NOAA  National Oceanic and Atmospheric Administration
NthHF  vertically integrated northward heat flux

NthMF  vertically integrated northward water vapor flux

PSA Pacific South American Pattern



xvi | List of Abbreviations

SAM Southern Annular Mode
SIA sea ice area

SIC sea ice concentration
SIE sea ice extent

SON September-October-November
SST sea surface temperature
T2M 2m air temperature
WAIS West Antarctic Ice Sheet
WPS Western Pacific sector
ZW1 Zonal Wave-1

ZW3

Zonal Wave-3



Chapter 1
Introduction

The polar regions are disproportionately affected by global climate change, and some areas
of Antarctica are among the most rapidly warming regions on the planet (e.g. Bromwich
et al., 2013; Clem et al., 2020; Steig et al., 2009). However, Antarctica is also one of the least
well-studied regions on the globe, its remote nature and harsh climate resulting in sparse and
relatively short observational records. This has resulted in large uncertainties in modelled
climate projections, and in projections of cryospheric change (IPCC, 2019).

Antarctic sea ice in particular is currently not well constrained in models, and contributes
substantial uncertainty to global climate models (IPCC, 2019). This is in part because the
processes and mechanisms governing Antarctic sea ice variability are not yet well understood
(National Academies of Sciences, Engineering and Medicine and others, 2017). Antarctic
sea ice is an important component in the global climate system, modulating atmospheric and
oceanic circulation at scales ranging from regional through hemispheric (e.g. Bader et al.,
2013; England et al., 2020; Kidston et al., 2011; Marzocchi and Jansen, 2017; Nadeau et al.,
2019). Through its control on surface albedo, heat, and moisture fluxes, changes in Antarctic
sea ice have far-reaching implications for local climate (e.g. Krinner et al., 2007; Wang et al.,
2020), ecosystems (e.g. Michel et al., 2019; Reiss et al., 2017; Trathan et al., 2020), and
human access to Antarctica. At a larger scale, changes in Antarctic sea ice have implications
for extra-polar climates (e.g. England et al., 2020), and the sensitivity of global climate to

atmospheric warming (Caldeira and Cvijanovic, 2014).

Sea ice around East Antarctica has recently been linked to aspects of the surface mass
balance of the East Antarctic Ice Sheet (Miles et al., 2016, 2017), an ice sheet with a volume

equivalent to 53m potential sea level rise (Fretwell et al., 2013). It is therefore crucial that
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we increase our understanding of the drivers of sea ice change, to better inform models, and

reduce uncertainty in projected future change.

1.1 Antarctic sea ice

Antarctica is at least partially surrounded by sea ice throughout the entire year (Figure 1.1).
Between March and September, cold air and sea surface temperatures drive sea ice growth
around the continent, reaching an average maximum extent of approximately 19 million km?
in September (Dieckmann and Hellmer, 2010; Parkinson and Cavalieri, 2012), an area larger
than the continent itself. In the austral spring (Figure 1.1c), warm temperatures then drive
much of the sea ice to melt again, retreating to a minimum extent of approximately 4 million
km? by February (Parkinson and Cavalieri, 2012). At this point, sea ice is restricted to a
narrow band around much of the Antarctic coastline, with the exception of more significant
extents in the Weddell Sea and Ross Sea regions (Figure 1.1).

1.1.1 East Antarctic sea ice environment

The sea ice zone around much of the East Antarctic coastline is relatively narrow at its
maximum extent in comparison to other sea ice sectors (Figure 1.1). As with the rest of
the Southern Ocean, sea ice here reaches is maximum in September, and its minimum by
late February. At its minimum extent in austral summer, the distribution of sea ice around
East Antarctica is essentially confined to small hotspots over the continental shelf (Massom
et al., 2013). The sector is characterised by strong seasonality, as well as regional variability,

making it a highly complex environment (Massom et al., 2013).

In terms of the broader environment, the East Antarctic coastline is situated at lower
latitudes to much of the rest of the continental coast, ranging from 66°S off Cape Ann, to
70°S around Prydz Bay. The coastal zone is made up of steep terrain, which rapidly rises
from sea level to the heights of the Antarctic Plateau (4000m) and the East Antarctic Ice
Sheet (EAIS), and contains very few ice-free areas. The region is characterised by strong
katabatic winds, and the passage of cyclones which bring frequent precipitation as well as
changeable air temperature and wind direction (Jones and Simmonds, 1993; Worby et al.,
1996).
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Fig. 1.1 Average seasonal HadISST sea ice concentration around Antarctica over the period be-
tween 1979-2018 in March-April-May (MAM) (a), June-July-August (JJA) (b), September-October-
November (SON) (c), and December-January-February (DJF) (d).
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1.1.2 Sea ice impact on climate

The annual cycle of change in sea ice coverage around Antarctica has a profound impact
on both global climate and global oceans. Sea ice effectively acts as a barrier between the
ocean and atmosphere, controlling atmosphere-ocean transfers of heat and moisture (e.g.
Maykut, 1986; Rind et al., 1995) and changing surface albedo, thus altering the local radiation
budget (e.g. Brandt et al., 2005; Curry et al., 1995). Changes in sea ice distribution can
therefore drive changes in air temperature (e.g. Kumar et al., 2010; Screen and Simmonds,
2010; Serreze et al., 2009), atmospheric moisture content (Lenaerts et al., 2016; Noone and
Simmonds, 2004), surface winds (Raphael et al., 2011), and atmospheric stability, which
in turn drive changes in global circulation (e.g. Bader et al., 2013; England et al., 2020;
Kidston et al., 2011; Wang et al., 2020). There is also evidence to suggest that sea ice plays
an important role in global oceanic circulation, with the expulsion of brine that occurs with
sea ice formation crucial to the formation of Antarctic deep bottom water (Marzocchi and
Jansen, 2017; Nadeau et al., 2019).

1.1.3 Climatic drivers of sea ice distribution

Sea ice distribution in the Southern Ocean at any given point or time is determined by the
processes of sea ice formation, melt, and transport, which are in turn driven by a complex
range of dynamic and thermodynamic processes. At a fundamental level, changes in sea
ice formation, melt, and transport are induced by changes in SST, air temperature, surface
winds and precipitation. SST and air temperature determine the melting and freezing regimes
of sea ice, while surface winds drive horizontal sea ice transport and redistribution around
the Southern Ocean (Holland and Kwok, 2012; Purich et al., 2016; Wang et al., 2019).
Meridional surface winds also control changes in SST and air temperature, as they alter
atmospheric and oceanic heat fluxes to and from the sea ice zone, either advecting cold, dry
air from the continent, or warm, moist air from the lower latitudes (Holland and Kwok, 2012;
Stammerjohn et al., 2008). Precipitation over sea ice alters sea ice albedo, which affects
air temperatures through changes to surface radiation and heat fluxes (Eicken et al., 1995;
Massom et al., 2001). The addition of new snow on the sea ice can also alter the thermal
conductivity at the surface, as well as driving sea ice thickening by depressing the existing
sea ice below sea level, enabling surface flooding and refreezing (Lytle and Ackley, 2001;
Powell et al., 2005; Sturm and Massom, 2009).
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1.2 Recent sea ice trends and variability

The difficult access to Antarctica and the Southern Ocean has resulted in minimal direct
observational records of Antarctic sea ice in comparison to its Northern Hemisphere counter-
part (Newman et al., 2019). Coupled with the large size of the Antarctic sea ice zone, this
lack of data means that large-scale changes in sea ice have only really been able to be studied
since the onset of satellite monitoring in 1979. Currently spanning more than 40 years,
the satellite-derived sea ice record is becoming increasingly viable in terms of examining

interannual and interdecadal scale variability and trends (Parkinson and Cavalieri, 2012).

One of the key findings from the satellite sea ice record is that total sea ice coverage
around the Antarctic continent has over the past four decades exhibited a small but significant
positive trend (e.g. Comiso and Nishio, 2008; Parkinson, 2019; Parkinson and Cavalieri,
2012, Figure 1.2b), despite modelled projections consistently predicting a negative trend
(e.g. Mahlstein et al., 2013; Polvani and Smith, 2013; Turner et al., 2013a). This trend is in
direct contrast to the Arctic, where sea ice has experienced a substantial decline over the
satellite era (Meier et al., 2014), and is expected to be ice-free in summer by mid-century
unless greenhouse gas emissions are drastically reduced (Notz and Stroeve, 2018). In the
Arctic, these trends have been attributed to anthropogenic climate change driving increases
in air temperature and SST. In the Antarctic, however, the drivers of the small positive trend
in sea ice coverage since the late 1970s are less clear, with studies variously suggesting
possible influence from decreases in stratospheric ozone (Turner et al., 2009), changes in
surface winds (Holland and Kwok, 2012) internal atmospheric variability (e.g. Ludescher
et al., 2019), freshening of surface waters due to increased glacial melt (Bintanja et al., 2013),
and trends in modes of climate variability such as the Southern Annular Mode (e.g. Goosse
et al., 2009; Thompson and Solomon, 2002) and El Nifio Southern Oscillation (e.g. Liu et al.,
2002; Turner, 2004; Yuan, 2004).

The overall positive trend (shown in Figure 1.2) also masks substantial temporal and
spatial variability. Record maximum sea ice concentration was reached in 2014, only to be
followed by a record minimum in 2016 (Stuecker et al., 2017; Turner et al., 2017b), and
sea ice concentration is simultaneously increasing in the Ross Sea region, while rapidly
decreasing in the areas of the Bellingshausen sea and the Antarctic Peninsula (Figure 1.2a).
Interannual variability is particularly strong around East Antarctica (Raphael and Hobbs,

2014), a region where sea ice trends are particularly unclear.
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Fig. 1.2 (a) Map of linear trend in HadISST sea ice concentration over the 40-year period 1979-2018.
(b) Timeseries of monthly HadISST sea ice concentration anomaly (solid line) for the same period,
calculated using a 1981-2010 climatological base period. Dash-dot line shows linear trend.

1.3 Large-scale drivers of recent sea ice variability

Understanding the drivers behind the changes in Antarctica’s sea ice is a rapidly growing and
active area of research. Sea ice variability has been linked to atmospheric and oceanic forcing
by a number of studies, thought to contribute to some degree to the puzzling positive trend
in sea ice coverage around Antarctica (e.g. Hobbs et al., 2016; Jones et al., 2016; National
Academies of Sciences, Engineering and Medicine and others, 2017; Renwick et al., 2012;
Turner et al., 2016; Zhang, 2007).
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One factor thought to particularly influence interannual variability in Antarctic sea ice
is large-scale atmospheric variability. Antarctica is influenced by a range of well-known
patterns of climate variability, such as the Southern Annular Mode (SAM), the El Nifo
Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), and Zonal Waves 1 and
3 (ZW1 and ZW3 respectively). Each of these modes of climate variability are associated
with changes to Southern Hemisphere circulation, and consequently to the Antarctic climate,

cryosphere, and ocean systems.

1.3.1 Southern Annular Mode

The SAM, an oscillation in the strength and position of the belt of westerly winds encircling
Antarctica, is a particularly dominant mode of climate variability throughout the whole
Antarctic and Southern Ocean region (Rogers and Loon, 1982; Thompson and Wallace,
2000). The state of the SAM is defined by the difference in zonal mean sea level pressure
between 40°S and 65°S. As depicted in Figure ??, the positive phase of the SAM is associated
with a strengthened and more poleward circumpolar westerly wind belt, along with anomalous
low pressure and temperatures over the Antarctic continent (Fyfe, 2003; Gillett et al., 2006;
Marshall, 2007; Thompson and Solomon, 2002; Thompson and Wallace, 2000). A negative
phase represents a weakening of the westerly winds and a northward shift in their latitude,
and anomalously high pressure and temperatures over the continent. The SAM can switch
between positive and negative states within a matter of days, and in Antarctica the contraction
and expansion of westerly winds is known to influence air temperatures (e.g. Marshall, 2007;
Marshall and Thompson, 2016; Nicolas and Bromwich, 2014), regional circulation features
(Clem et al., 2017, 2016), cyclonic activity (Grieger et al., 2018; Yin, 2005) and precipitation
(Marshall et al., 2017; Medley and Thomas, 2019; Turner et al., 2019; Van Den Broeke and
Van Lipzig, 2004).

Some studies have also linked sea ice variability specifically to the SAM (Doddridge
and Marshall, 2017; Hall and Visbeck, 2002; Hobbs et al., 2016; Holland and Kwok, 2012;
Lefebvre et al., 2004; Pezza et al., 2008; Stammerjohn et al., 2008). The influence of the
SAM on sea ice variability is highly complex, with a strong component of regional and
seasonal variability. The SAM broadly affects Antarctic sea ice by altering surface winds,
which in turn alter meridional heat fluxes, ocean heat fluxes, and sea ice transport (Hall and
Visbeck, 2002). A positive SAM phase can drive increases in sea ice, due to the associated
strengthening of zonal winds and enhanced Ekman transport (Hall and Visbeck, 2002;
Lefebvre et al., 2004; Watterson, 2000). Strengthened southerly winds bring colder air to the

sea ice zone, lowering air temperatures and providing conditions favourable for increased
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Positive SAM Negative SAM

Fig. 1.3 Schematic showing the positive and negative phases of the Southern Annular Mode (SAM)
around Antarctica

sea ice coverage. Enhanced Ekman transport, in which water in the ocean is transported at
an angle to the wind direction (Price et al., 1987), occurs due to the strengthened westerlies
associated with a positive phase of the SAM, and acts to increase northward transport of sea
ice between 45°S and the Antarctic coastline (Hall and Visbeck, 2002; Kostov et al., 2017,
Lefebvre et al., 2004).

The SAM can also affect sea ice coverage via its interactions with quasi-stationary
atmospheric circulation features such as the Amundsen Sea Low (ASL). The ASL has
been shown to contribute to a dipole trend in sea ice coverage between the Ross Sea and
the Amundsen-Bellingshausen Sea regions, where sea ice concentration is increasing in
the former, and decreasing in the latter (Fogt et al., 2012b; Hosking et al., 2013a; Turner
etal., 2013b). A positive SAM phase can enhance the ASL, and in turn drive anomalously
high SIC in the Ross Sea and anomalously low SIC in the Amundsen-Bellingshausen Sea
regions (Coggins and McDonald, 2015; Hobbs and Raphael, 2010; Holland and Kwok, 2012;
Hosking et al., 2013b).

1.3.2 El Nino-Southern Oscillation

The El Nino-Southern Oscillation (ENSO) teleconnection is known to link Antarctica with

tropical Pacific climate and sea surface temperatures (SST). ENSO is a phenomenon com-
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prised of the El Nifo/ La Nifa pattern, a periodic fluctuation in a dipole of sea surface
temperature across the equatorial Pacific Ocean, and the Southern Oscillation, a bimodal
variation in sea level pressure measured between Darwin and Tahiti (Wang et al., 2017). El
Nifio phases, as depicted in Figure 1.4, are characterised by warm SST anomalies in the
eastern equatorial Pacific, off the coast of South America, and a weakening of the easterly
trade winds (Trenberth, 1997). La Nifia phases are associated with cold SST anomalies in
the eastern equatorial Pacific, and a strengthening of the easterly trade winds. The state of
ENSO can be quantified using a number of different indices, such as the Southern Oscillation
Index, the standardised difference in sea level pressure between Tahiti and Darwin, and the

Nifio SST Indices, the difference in SST across the equatorial Pacific Ocean.

ENSO has been linked to variability in various components of the earth system around the
globe, extending into the mid- and high-latitudes (e.g. Domeisen et al., 2019; Lin and Qian,
2019; Yeh et al., 2018). The deep atmospheric convection generated by equatorial anomalies
triggers the poleward propagation of atmospheric Rossby waves to the high latitudes, altering
storm tracks and affecting regional circulation over the Southern Ocean and Antarctica
(Karoly, 1989; Mo and Higgins, 1998; Yuan, 2004). This teleconnection with the tropical
Pacific is thought to contribute to variability in Antarctic air temperatures (e.g. Clem et al.,
2018; Ding et al., 2011; Kwok and Comiso, 2002; Rahaman et al., 2019), SST (Ferster et al.,
2018), precipitation (e.g. Bromwich et al., 2000; Cullather et al., 1996; Genthon and Cosme,
2003), and circulatory features such as the Amundsen Sea Low (e.g. Clem et al., 2017; Fogt
and Wovrosh, 2015; Raphael et al., 2016).

ENSO has also been linked to sea ice variability, through its influence on meridional
atmospheric circulation and associated temperature advection (Baba and Renwick, 2017;
Gloersen, 1995; Isaacs et al., 2021; Kwok and Comiso, 2002; Kwok et al., 2016; Renwick,
2002). In particular, El Nifio phases have been linked with positive sea ice anomalies in the
Weddell and Ross Seas, and negative anomalies in the Amundsen-Bellingshausen Seas and
Dronning Maud Land, while La Nifia are linked to the opposite (Isaacs et al., 2021; Kwok
and Comiso, 2002; Yuan, 2004). These impacts have been attributed to the atmospheric
wave train associated with El Nifio, which drives anomalous cold southerly winds over the
Weddell and Ross Sea regions and anomalous warm northerly winds over the Amundsen-
Bellingshausen Seas and Dronning Maud Land (Isaacs et al., 2021; Yuan, 2004), in a similar
manner as the SAM.

Interestingly, ENSO has been observed to work synergistically with the SAM to affect
change in the sea ice in summer. A positive (negative) SAM phase coinciding with a
La Nifia (EI Nifio) ENSO state tends to favour an increase (decrease) in sea ice growth
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Fig. 1.4 Schematic showing the positive (El Nifio) and negative (La Nifia) phases of El Nifio-Southern
Oscillation.

(Pezza et al., 2012; Stammerjohn et al., 2008), and the impact of both modes tends to
be substantially reduced when a positive (negative) SAM coincides with an El Nifio (La
Nifia) phase. Stammerjohn et al. (2008) additionally identified that the strengthening of the
Bellingshausen/Ross sea ice dipole coincides with decadal changes in the mean state of the
SAM, possibly due to changes in wind fields and heat transport.
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1.3.3 Zonal Wave 3

The influence of Zonal Wave 3 (ZW3) in the Antarctic has been less researched than the
SAM and ENSO. Initially described in van Loon and Jenne (1972), ZW3 is a quasi-stationary
planetary wave characterised by a series of three nodes of alternating high and low pressure
anomalies encircling the Antarctic continent and dominating atmospheric circulation in the
region of 45°S - 55°S (Figure 1.5). The longitudinal location of each node experiences some
seasonal variation, particularly between austral autumn and winter, and at sub-monthly to
monthly timescales (Raphael, 2004; Renwick, 2005; Turner et al., 2017a). ZW3 dominates
extra-tropical circulation variability in the Southern Hemisphere on a range of timescales
from daily to inter-annual (e.g. Karoly, 1989; Kidson, 1988; Mo and White, 1985; Trenberth,
1980), and is associated with variability in geopotential height and wind fields, along with
meridional heat, moisture, and momentum transport. As a result of these associations, ZW3
is also linked to Antarctic sea ice variability (Baba and Renwick, 2017; Raphael, 2007;
Raphael and Hobbs, 2014; Yuan and Li, 2008; Yuan et al., 1999). Raphael (2007) suggested
that ZW3 drives changes in sea ice growth and melt by altering meridional heat fluxes, which
results in strongly regional changes to sea ice concentration around Antarctica. These are
particularly apparent in the sea ice zone in the Ross and Weddell Seas, and around the region
of the Amery Ice Shelf (Raphael, 2007). Raphael (2007) further identified that the association
between ZW3 and sea ice concentration exhibited seasonal variability, and was strongest in

the austral autumn and early winter.

1.3.4 Indian Ocean Dipole

The Indian Ocean Dipole (IOD) is a recurring pattern in equatorial Indian Ocean SST,
characterised by a dipole in SST anomalies between the eastern and western equatorial
Indian Ocean (Li et al., 2003). As depicted in Figure 1.6, during a positive phase of the IOD,
SST is anomalously cold in the east and anomalously warm in the west (and vice versa in
a negative phase), which drives a reversal of the equatorial surface winds from westerlies
to easterlies (Rao et al., 2002; Saji et al., 1999; Saji and Yamagata, 2003). As a direct
result of these changes, it has been variously suggested that the IOD modulates precipitation
(Behera and Yamagata, 2003; Black et al., 2003; Clark et al., 2003), atmospheric pressure
(Behera and Yamagata, 2003), sea level variations (Han and Webster, 2002) and surface
temperature (Saji and Yamagata, 2003) in the regions around the Indian Ocean. The IOD has
also been linked to variability in aspects of the climate and ocean further afield in the mid-
and high-latitudes (Ashok et al., 2003; Meyers et al., 2007; Saji and Yamagata, 2003). These
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Fig. 1.5 Schematic showing the signature of Zonal Wave 3 (ZW3) in geopotential height around
Antarctica.

links are thought to be driven by a similar mechanism as ENSO, namely the perturbation of
larger-scale atmospheric circulation at the Equator, which then propagates poleward in the
form of Rossby waves (MclIntosh and Hendon, 2018; Nuncio and Yuan, 2015).

Two studies (Feng et al., 2019; Nuncio and Yuan, 2015) have found evidence for a
relationship between the IOD and sea ice around Antarctica. Associations were found
predominantly with sea ice around East Antarctica, though Feng et al. (2019) also described
relationships with sea ice in the adjacent Weddell and Ross Seas. The authors suggest that
IOD-driven anomalies in regional circulation and meridional heat/moisture transport may be
responsible for the links with sea ice, driving changes in the process of sea ice growth and

decline. However, more research in this area is needed to confirm these mechanisms.

1.4 Links between Antarctic sea ice, climate, and ice sheets

Alongside the interactions between sea ice and climate, there are recent suggestions that
changes in sea ice may propagate into other aspects of the Antarctic cryosphere, or that cli-
mate variability may induce cross-cryospheric changes. A number of studies have suggested a
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Fig. 1.6 Schematic showing the positive and negative phases of the Indian Ocean Dipole (IOD).

relationship between sea ice and the mass balance of Antarctic ice shelves and outlet glaciers,
through the modulation by sea ice of both dynamic and thermodynamic processes. Miles
et al. (2016) linked an anomalous retreat of glaciers in Wilkes Land to a reduction of land-fast
sea ice cover, suggesting that this reduction likely led to disruption in ocean stratification,
and an increased incursion of warm water towards the glacier termini. Additionally, Miles

et al. (2013) found an association between changes in outlet glaciers along the Pacific coast
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of Antarctica, sea ice trends, and variability in the SAM. These findings are supported by
similar research carried out in the Arctic, most notably in northeast Greenland, where sea
ice has been linked to the stability of marine-terminating glaciers, through its influence on
calving rates (Bendtsen et al., 2017; Reeh et al., 2001).

Studies in the Arctic have also suggested that sea ice variability may affect ice sheet and
glacier mass balance via its influence on atmospheric processes. Liu et al. (2012) found that
reduced summer sea ice in the Arctic contributes to stronger and more frequent occurrences
of large blocking-high pressure systems over Greenland, bringing warm moist air to the area
and altering snowfall patterns. Liu et al. (2016) further suggested that these sea-ice-induced
changes to atmospheric patterns cause more extensive surface melting of the Greenland ice
sheet, directly affecting the ice sheet mass balance. These findings are supported by studies
such as Day et al. (2013), whose experiments with regional climate models indicated that the
surface mass balance of the Greenland ice sheet would likely decrease in response to sea ice
decline, due to the changes it would induce in temperature and precipitation. These findings
pose interesting questions for Antarctica, where no similar research has been published to
date.

1.5 Aims and organisation of thesis

Research into the influence of large-scale climate variability on Antarctic sea ice has predom-
inantly focused on West Antarctica, where cryospheric and climatic change is occurring at
a more rapid pace than in East Antarctica (e.g. Bromwich et al., 2013; Harig and Simons,
2015; Rignot et al., 2019; Schneider et al., 2012). Recent research, however, has identified
that the East Antarctic environment is more vulnerable to change than previously thought.
This includes studies of increasing mass loss and thinning in parts of the East Antarctic
Ice Sheet (Miles et al., 2013; Pritchard et al., 2009; Rignot et al., 2019; Shen et al., 2018),
air temperature changes (Clem et al., 2020), and climatic drying (Robinson et al., 2018).
Increasing our understanding of recent sea ice changes around East Antarctica, and their
relationship with the climate, is therefore vitally important, and forms the key motivation for

this body of research.

The overarching aim of this thesis is to fill in a major knowledge gap by exploring the
relationships between recent East Antarctic sea ice variability and climate variability, and
how these vary both spatially and temporally. This is achieved through statistical analysis of
the HadISST satellite-derived sea ice record (Titchner and Rayner, 2014), along with ERAS
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atmospheric reanalysis (Copernicus Climate Change Service (C3S), 2017), over the period
1979-2018.

These relationships are explored in both directions, i.e. the influence of climate variability
on sea ice (Chapters 3 and 4), and the influence of sea ice variability on the climate (Chapter
5). While the overarching research aim was formulated out of the literature review above, the
specific research questions/focuses of each of the three key research chapters were informed
by a body of preliminary exploratory work. In particular, the first two research chapters were
formulated from the results of initial broad scale correlation analysis, presented in Figure
1.7. Chapters 3 and 4 build upon two key points of interest [noted] in Figure 1.7, namely
significant correlations between both the SAM and the IOD with SIC around the Western
Pacific sector (90-170°E) of East Antarctica (Chapter 3), and a significant inverse correlation
between ENSO and SIC around Dronning Maud Land (10-70°E) in summer and autumn
(Chapter 4). This figure will be discussed in more detail in Chapters 3 and 4.
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Fig. 1.7 Correlation between seasonally averaged indices of the SAM, IOD, ENSO, and ZW3, with
average HadISST monthly mean sea ice concentration in latitudes south of 50°S, and in 10° sliding
sectors of longitude (each data point marks the start of a sector) between 0-180°E around the coast of
East Antarctica over 1979-2018. (a) is MAM, (b) JJA, (c) SON, and (d) DJF. Horizontal black lines
mark statistical significance at the 5% level.

Informed by the literature review and exploratory analysis described above, the overar-
ching aim of this thesis is achieved through the exploration of three key objectives/topics,
making up the three research chapters. These objectives are:
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1. To determine how the Southern Annular Mode and the Indian Ocean Dipole affect
interannual variability in sea ice concentration around the Western Pacific sector of
East Antarctica (Chapter 3).

2. To determine how El Nifio Southern Oscillation is linked to interannual variability in
sea ice concentration around Dronning Maud Land, and what mechanisms are driving
this correlation (Chapter 4).

3. To characterise the large-scale and spatially-varying relationship between East Antarc-
tic sea ice, precipitation over the East Antarctic Ice Sheet, and climate variability
(Chapter 35).

This introduction (Chapter 1) provides the rationale for this research, with a broad
overview of the current knowledge around Antarctic sea ice and its interactions with large-
scale climate. A more detailed overview relevant to each of the three pieces of research is
given at the beginning of each research chapter.

In Chapter 2, I outline the methodological approach to achieve the aims listed above. This
includes a description of the data and statistical analysis techniques, as well as a discussion

of potential limitations and uncertainty associated with each.

Chapters 3-5 describe the research toward each of the three key aims. These chapters
have been written for publication as peer-reviewed journal articles and have been structured
accordingly, with the exception of methods sections which are combined in Chapter 2 to
avoid repetition. Of the three research chapters, Chapter 4 has already been published prior
to submission in the Journal of Geophysical Research: Atmospheres, and is presented here in
the same form, although the methods have been incorporated into Chapter 2. It is published
as:

Isaacs, FE., Renwick, J.A., Mackintosh, A.N., and Dadic, R. (2021). ENSO modulates
summer and autumn sea ice variability around Dronning Maud Land, Antarctica. Journal of
Geophysical Research: Atmospheres, doi: 10.1029/2020JD033140

Chapter 6 provides a summary and synthesis of the key findings in this thesis. The
implications and importance of these findings are discussed, alongside a brief exploration of

possible future avenues of research that could build on this work.



Chapter 2

Data and Methods

This chapter outlines the data and methods I used to achieve the aims listed in Chapter 1.
Section 2.1 describes the data used in this thesis, including sea ice concentration (Section
2.1.1) and sea ice motion data (Section 2.1.2), atmospheric reanalysis (Section 2.1.3), and
climate mode indices (Section 2.1.4). Data sources, justifications, limitations, and uncer-
tainties are discussed. Section 2.2 describes the analytical techniques used throughout the
thesis. These include linear correlation (Section 2.2.1) and composite analysis (Section 2.2.2).
The methods presented here apply to the entire thesis, due to the similarity in the data and
methods being used across all three research components of this thesis. Any difference in the

use of analysis techniques between chapters has been highlighted.

2.1 Data

This thesis considers recent sea ice and climate variability, using data from the period
between 1979-2018. 1979 marks the earliest point at which gridded satellite-derived sea
ice concentration data are available, and the earliest point at which atmospheric reanalysis
products are considered relatively reliable (Bracegirdle and Marshall, 2012).

2.1.1 Sea ice concentration

Common parameters used in research on sea ice distribution include sea ice area (SIA), sea
ice extent (SIE), and sea ice concentration (SIC). SIA is the total area covered by sea ice,

SIE is the area of ocean determined as being ice-covered (usually areas which have at least a
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15 percent coverage of sea ice), and SIC is the fraction of a given area that is covered by sea
ice. In this thesis I used area-averaged SIC, although initial analysis suggested that it would
also be possible to use the parameters of sea ice area (SIA) or sea ice extent (SIE), as they
were perfectly (SIA) or highly (SIE) correlated with the area-averaged SIC, and showed no

significant difference when correlated with ERAS reanalysis climate fields.

The sea ice data used in this study were monthly mean sea ice concentrations ob-
tained from the Met Office Hadley Centre Sea Ice and Sea Surface Temperature data set
(HadISST.2.2.0.0; Titchner and Rayner, 2014). HadISST?2 SIC is derived from brightness tem-
peratures recorded by satellite-based passive microwave multichannel sensors. These sensors
include the Scanning Multichannel Microwave Radiometer (SMMR) on the NASA Nimbus
7 satellite for retrievals between 1978 and 1987, and the Special Sensor Microwave/Imager
(SSM/T) and Special Sensor Microwave Imager/Sounder (SSMI/S) sensors on the Defense
Meteorological Satellite Program (DMSP) satellites for retrievals post 1987 (Titchner and
Rayner, 2014). SIC concentrations are derived from these brightness temperature data using
the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT)
Ocean and Sea Ice Satellite Application Facility (OSI SAF) hybrid algorithm, which com-
bines the Bootstrap algorithm in frequency mode (Comiso, 1986) with the Bristol algorithm
(Hanna and Bamber, 2001; Smith, 1996). The HadISST2 dataset was chosen for this study
as it 1s highly accessible, and is one of only a few complete observation-derived records of
sea ice for the period from 1979 to present (National Center for Atmospheric Research Staff
(Eds), 2019). This study utilised HadISST2 SIC on a 1° x 1° latitude-longitude grid, for the
period 1979-2018.

2.1.2 Sea ice motion

Sea ice motion data were obtained from the National Snow and Ice Data Center (NSIDC),
using the Polar Pathfinder Daily 25 km EASE-Grid Sea Ice Motion Vectors (Version 4)
data set (T'schudi et al., 2019). The NSIDC sea ice motion data set was used here as it has
been shown to have lower associated uncertainties and higher correlation with in situ data
in comparison to other commonly-used sea ice motion products, such as the OSI SAF and
Centre ERS d’ Archivage et de Traitement (CERSAT) data sets (Gui et al., 2020; Sumata et al.,
2014). The NSIDC sea ice motion data are derived from three key sources: gridded satellite-
based passive microwave data, reanalysis wind fields, and buoy position data. The passive
microwave data are derived from the NIMBUS-7 SMMR Pathfinder Brightness Temperatures,
DMSP SSM/I-SSMIS Daily Polar Gridded Brightness Temperatures, and AMSR-E/Aqua
L2A Global Swath Spatially-Resampled Brightness Temperatures (Tschudi et al., 2019).
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Buoy position data are from the International Arctic Buoy Program, and reanalysis wind
fields are sourced from NCEP-NCAR reanalysis (Kalnay et al., 1996). These inputs are then
combined using an optimal interpolation scheme to produce complete daily gridded sea ice
motion as u and v vectors within the EASE grid. For this study, daily average sea ice motion
vectors were remapped by linear interpolation from the original 25 km EASE Grid onto the
same 1° x 1° latitude-longitude grid used for the reanalysis and sea ice concentration data.

Monthly averages were derived from daily averages.

2.1.3 Atmospheric reanalysis data

This study used the latest iteration of reanalysis from the European Centre for Medium-Range
Weather Forecasts (ECMWF), ERA 5 (Copernicus Climate Change Service (C3S), 2017),
spanning the period 1979-2018. Reanalysis combines past short-range weather forecasts
from numerical weather prediction models with observational data through data assimilation,
producing spatially continuous gridded atmospheric data at high temporal resolutions. ERA
5 is produced using the CY41r2 Integrated Forecast System (IFS) and a four-dimensional
variational assimilation system. ERA 5 reanalysis was chosen for this study as it has been
shown to perform particularly well over Antarctica, with a smaller bias relative to observations

than many other reanalysis products (Gossart et al., 2019; Jones and Lister, 2015).

Data were accessed from the Copernicus Climate Data Store from https://cds.climate.
copernicus.eu/. The atmospheric parameters of sea surface temperature (SST; °C), 2m
air temperature (T2M; °C), 500hPa geopotential height (H500; m), vertically integrated
horizontal rate of northward heat flux (NthHF; W m~!), and vertically integrated horizontal
rates of northward moisture flux (NthMF; kg m~! s~!) were all analysed as monthly means.
Precipitation and evaporation were analysed as monthly totals. More detail on specific
parameters can be found in the ERAS Data Documentation (https://confluence.ecmwf.int/
display/CKB/ERA5%3 A+data+documentation). All data were downloaded at a spatial
resolution of 1° x 1°, on a latitude-longitude grid.

2.1.4 Climate mode indices

The four key modes of climate variability examined in this thesis (ENSO, SAM, 10D, ZW3)
were considered using common indices of their activity. ENSO activity was examined using
the ESRL/NOAA Nino 3.4 index sourced from the National Oceanic and Atmospheric
Administration (NOAA) (https://psl.noaa.gov/gcos_wgsp/Timeseries/Nino34/), which is an
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average of sea surface temperature anomalies in the region 5°N - 5°S, 170°W-120°W. The
index is calculated using the HadISST1 SST dataset (Rayner et al., 2003) with a 1981-2010
climatological base period.

Variability in the SAM was examined using the index described by Marshall (2003). This
index is based on the zonal pressure difference between 40°S and 65°S, and the monthly
time-series was accessed from https://legacy.bas.ac.uk/met/gjma/sam.html. The IOD was
examined using a timeseries of the NOAA ESRL Dipole Mode Index (DMI) downloaded
from http://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/index.html. The DMI is derived from
SST differences across the equatorial Indian Ocean first described by Saji et al. (1999), and
is sourced from HadISST1.0 SST data.

Finally, initial analysis concerning the impact of ZW3 on sea ice was done by computing
an index of ZW3 activity proposed by Raphael (2004), using the ERAS monthly H500 field.
This ZW3 index is the average of three values calculated using the formula below for three
specific grid points (50°E, 166°E and 76°W, all at latitude 49°S).

(Xonenty — Xetim)
Omthly

I = (2.1)

where I; is the value for a given grid point, X,y is the 3-monthly moving mean 500 hPa
geopotential height for a given grid point, X,;;,, is the climatological 3-monthly mean 500
hPa geopotential height (calculated with a 1981-2010 climatological base period), and G,y
is the standard deviation of the 3-monthly moving mean. The ZW3 index is calculated by
taking the average of the I value across each of the three grid points. More detail about the
derivation of this equation can be found in Raphael (2004).

2.2 Analysis techniques

Relationships between sea ice around East Antarctica and larger scale climate variability
were explored using linear statistical techniques, including linear correlation, covariance, and

composite analyses.

2.2.1 Linear correlation

Linear correlation analysis was conducted to determine the association between interannual

SIC variability and time-series of each of the four climate mode indices, as well as with the
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ERAS reanalysis parameters listed above in Section 2.1.2. Pearson correlation coefficients
were used to determine the strength and direction of each given association (Wilks, 2011).
To examine interannual variability only, the seasonal cycle was removed from all reanalysis
and sea ice data, with monthly anomalies calculated using a 1981-2010 climatological base
period. Seasonal averages were calculated according to austral autumn (March-April-May),
winter (June-July-August), spring (September-October-November), and summer (December-

January-February).

For much of this analysis, SIC was divided into 18 sectors around the East Antarctic
coast between 0-180°E, with each covering 10-degrees of longitude, and the area south of
50°S (Figure 2.1). Within each 10 degree sector, an area-weighted average was calculated
of SIC at all grid points in the sector, producing a single time-series to be correlated with
the gridded climate data and climate mode timeseries. The number of divisions between sea
ice sectors used here is much greater than is typically used in research on large-scale sea ice
variability (e.g. Raphael and Hobbs, 2014). This approach was taken to allow a more precise
examination of how sea-ice-climate associations vary spatially around East Antarctica and,
as discussed in Chapters 3-5, has been crucial in identifying that closely adjacent areas can
have markedly different relationships between the ice and climate.

Statistical significance of the associations identified in the correlation analysis was
determined using a two-tailed Student’s T-test (Wilks, 2011). A significance level of 5% was

used throughout all the analysis in this thesis.

The correlation analysis in this thesis examines the relationships between SIC and climate
variables with no lag between the two. This approach was taken based on sensitivity tests
which showed that no lag, or a lag of less than one month considering the use of monthly data,
produced on average the strongest correlation between SIC and climate variables. While this
assertion is in contradiction to Yuan (2004), it is supported by Renwick (2002), who found
no substantial lag in the associations between sea ice, ENSO and SST.

2.2.2 Composite analysis

Composite analysis was also used throughout this thesis. Composite analysis involves
averaging a subset of available data based on a specified set of criteria, for example, averaging

sea ice concentration fields only for summer months when the SAM index is above +1.

In Chapter 3, composite analysis was used to examine the SIC response to different
combinations of SAM and IOD phases (for example, +SAM/-10D, -SAM/-10D etc). SIC

was averaged over all the months in which a given SAM/IOD combination occurred. For
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Fig. 2.1 a) Map of the East Antarctic study area including key locations discussed throughout this
thesis. Blue dashed line encloses the broader East Antarctic sea ice area examined, between 0-180°E,
and south of 50°S. Red shading denotes the Dronning Maud Land sector discussed in Chapter 4, while
grey shading marks the Western Pacific sector discussed in Chapter 3.

each mode, a positive event was defined by an index value greater than the 60th percentile,
and negative events with an index value below the 40th percentile. This allowed more neutral
SAM states to be excluded, to enable greater visibility of a SAM signal within the SIC.

Composite analysis was used in Chapter 4 to identify asymmetry in the SIC-climate
associations. Composites of various ERAS climate parameters were calculated for periods
when SIC in a given sector was either above the 60th percentile or below the 40th percentile.
Composite analysis was also used in Chapter 5, to determine the influence of SIC on the
relationship between large-scale circulation anomalies and precipitation over Antarctica.
Composites of precipitation were calculated for periods when mean meridional moisture
flux over a given sea ice sector was southward, and when SIC was either anomalously high
(above the 60th percentile) or anomalously low (below the 40th percentile). The number of

members making up each composite figure are listed in the figure captions.



Chapter 3

SAM and IOD influence sea ice
variability around Western Pacific sector
of East Antarctica

This chapter explores satellite-era interannual sea ice variability around the Western Pacific
sea ice sector of East Antarctica, and its relationship with variability in the Indian Ocean
Dipole (IOD) and the Southern Annular Mode (SAM). This research was motivated by the
recent recognition of possible links between sea ice, climate variability, and the vulnerability
of coastal glaciers and ice shelves in this region to mass loss. The Western Pacific sector
(WPS) is here considered to be the region between 90°E and 170°E, encompassing Wilkes
Land, George V Land, and Oates Land, and is marked on the map in Figure 3.1. Focus was
given to this region after initial broad-scale analysis (described in more detail in Section 3.2)
suggested that it was a site of particularly strong correlation between sea ice concentration

(SIC) and climate variability.

While a broader review of the impacts of the SAM and the IOD on Antarctic sea ice
was given in Chapter 1, Section 3.1 in this chapter provides a more in-depth background on
the Western Pacific sector of East Antarctica, and what is currently known about the roles
that the SAM and IOD play in determining sea ice concentration within this region. The
results of this study are presented in Section 3.2. A discussion of these results is presented in
Section 3.3, and conclusions in Section 3.4.
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Fig. 3.1 Map of the study area including key locations discussed in this chapter (Chapter 3), and with
the Western Pacific sector of East Antarctica (south of 50°S and between 90°E and 180°E) shaded in
grey, including Wilkes Land, George V Land, and Oates Land. Blue dashed line encloses the broader
East Antarctic sea ice area examined.

3.1 Introduction

The WPS has been identified as an area of distinct vulnerability for the East Antarctic Ice
Sheet (EAILS), in terms of its susceptibility to mass loss (Shen et al., 2018). Recent studies
have revealed substantial ice sheet mass loss across the WPS over the satellite era (McMillan
et al., 2014; Rignot et al., 2019; Sasgen et al., 2013; Shepherd et al., 2018), with a total
loss of 4.4 £ 0.9-mm sea level rise equivalent since 1979 (Rignot et al., 2019). This loss is
thought to be partially the result of reduced buttressing of the EAIS outlet glaciers by ice
shelves, due to increased basal melting from the intrusion of warm Circumpolar Deep Water
(CDW) onto the continental shelf (Rignot et al., 2019; Rintoul et al., 2016). There have been
recent suggestions that CDW intrusion under ice shelves in Wilkes Land is linked to changes

in the surrounding sea ice, via the influence that sea ice production has on the stratification
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of ocean water (Khazendar et al., 2013; Miles et al., 2016). Sea ice in Wilkes Land has also
been linked to ice sheet mass balance via ice shelf and outlet glacier velocity, where a loss
of sea ice acts to reduce buttressing of the shelf/glacier terminus, driving increased glacier
velocity and thus increased calving and mass loss (Greene et al., 2018; Miles et al., 2017).
It is therefore important to understand variability in the sea ice around the WPS, as it may
have implications for the stability of the region’s ice shelves, and more broadly for the mass
balance of the EAIS itself.

The links between sea ice variability and large-scale atmospheric circulation have been
discussed in Chapter 1. In short, large scale modes of climate variability (such as the SAM,
ENSO, and I0OD) can affect change within Antarctic sea ice through their modulation of
regional circulation, which affects local scale winds, heat and moisture fluxes, and sea ice
drift. A number of studies have discussed the influence of the SAM on sea ice around
Antarctica (e.g. Ferreira et al., 2015; Hall and Visbeck, 2002; Lefebvre and Goosse, 2008;
Liu et al., 2004; Purich et al., 2016), and a few have addressed the influence of the IOD (e.g.
Feng et al., 2019; Nuncio and Yuan, 2015; Rai et al., 2008).

Antarctic sea ice is thought to respond to both the annular and non-annular component of
the SAM. The annular component of the SAM is thought to provoke a two-stage response
in Antarctic sea ice. Initially, positive SAM phases are associated with higher sea ice
concentration as the intensification of polar westerly winds drives increased northward
Ekman transport of ice and cold surface water, allowing the expansion of the sea ice coverage
(Doddridge and Marshall, 2017; Hall and Visbeck, 2002; Purich et al., 2016; Sen Gupta and
England, 2006). However, this northward displacement of surface water eventually triggers
upwelling of warmer deepwater near the coast, increasing SST and thus decreasing SIC
(Ferreira et al., 2015).

The non-annular component of the SAM is thought to be particularly important in
affecting sea ice around Antarctica (Lefebvre et al., 2004), via its influence on atmospheric
circulation features, with the most well-studied of these being the Amundsen Sea Low (ASL).
The ASL is a quasi-stationary low pressure system in the Amundsen Sea, which deepens
during positive SAM phases and weakens during negative phases (Clem et al., 2017; Turner
et al., 2013c). The strength of the ASL affects SIC in zones directly east and west of its
centre, by altering the intensity of meridional winds over the sea ice, which then, as discussed
above, drive changes in SIC (Raphael et al., 2019; Turner et al., 2016).

The role that the SAM plays in determining sea ice change around Antarctica is spatially
variable, with each region being affected by a different interplay of annular and zonal impacts.

Most of the focus in research on the influence of the SAM on Antarctic sea ice has been
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given to the region surrounding the ASL, or a broader scale continent-wide approach. In the
WPS, Lefebvre et al. (2004) found indications of a small positive correlation between the
SAM and observed annual sea ice area between 1980-1999, and Miles et al. (2016) suggested
that the SAM may have influenced variability of land-fast sea ice. However, little is known

about the influence of SAM on the seasonal pack ice.

As described in Chapter 1, our understanding of the influence that the IOD has on
Antarctic sea ice is limited. Some studies (Feng et al., 2019; Nuncio and Yuan, 2015; Rai
et al., 2008) have found evidence for a link between the IOD and sea ice in the Southern
Hemisphere. These studies theorise that this is due to the excitation of an atmospheric Rossby
wave train by tropical Indian ocean SSTs, which then propagates southward to Antarctica,
altering regional circulation and thus driving changes in the sea ice.

A specific link between the IOD and sea ice around Wilkes Land was identified by Nuncio
and Yuan (2015). The authors proposed that Wilkes Land was one of two zones of sea ice in
the East Antarctic to be particularly affected by the IOD, due to its position in relation to
certain components of the IOD-associated Rossby wave train extending from the tropics to
Antarctica, and the associated changes in meridional circulation that this can drive. I advance
from these findings by addressing seasonal variability in the influence of the IOD on sea
ice in Wilkes Land and the broader WPS in all seasons (prompted by the findings that the
correlation between sea ice in Wilkes Land and the IOD is not limited to austral spring, but
extends to winter and summer), as well as addressing the possible interactions with the SAM.

In this chapter, I explore the influence of both the IOD and the SAM on sea ice concentra-
tion around the WPS. I approach this through the use of correlation and composite analysis of
the HadISST satellite sea ice record, alongside timeseries of the SAM and IOD indices and
ERAS reanalysis data, covering the period from 1979-2018, and described in more detail in
Chapter 2. The links between sea ice and each climate mode are considered both separately
and together, to determine how they may interact to produce different forcings on the sea ice.
Possible mechanisms driving these links are also explored, using a range of ERAS climate

fields, alongside NSIDC sea ice motion data.

3.2 Results

Initial broad-scale analysis of the links between key climate modes and sea ice around the
East Antarctic coastline indicated several significant correlations, as well as substantial

spatial and seasonal variability. Figure 3.2 shows the correlation between the indices of
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the four climate modes examined in this thesis, with average SIC around the coast of East
Antarctica. Two of the most prominent features of this figure form the basis of the research
in this chapter, and in Chapter 4. The first of these is the significant inverse correlation
between the Nifio 3.4 index and SIC between 10-70 °E in summer and autumn only, which
is addressed in more detail in Chapter 4. The second, which is addressed in this chapter,
is the significant correlation between SIC around the coast of Wilkes Land (100-136 °E),
George V Land (142-154 °E), and Oates Land (154-160 °E), and the DMI (Dipole Mode
Index) IOD index in winter and spring (reaching r=0.4, p<0.05; Figure 3.2b,c). In this same
region, SIC is inversely correlated with the SAM index in winter and spring (Figure 3.2b,c),

and positively correlated with the SAM index in summer and autumn (Figure 3.2a,d).
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Fig. 3.2 Correlation between seasonally averaged indices of the SAM, 10D, ENSO, and ZW3, with
average HadISST monthly mean sea ice concentration in latitudes south of 50°S, and in 10° sliding
sectors of longitude (each data point marks the start of a sector) between 0-180°E around the coast of
East Antarctica over 1979-2018. (a) is MAM, (b) JJA, (c) SON, and (d) DJF. Horizontal black lines
mark statistical significance at the 5% level.

To provide some context for the links with large-scale climate variability that this chapter
will discuss, Figure 3.3 shows the average seasonal sea ice concentration in the WPS, around
the coastline of Wilkes Land, George V Land, and Oates Land, between 90 °E and 180
°E. Sea ice in this region of East Antarctica occurs in a narrow band around the coastline,
extending just north of 60 °S in some areas during SON (Figure 3.3c), and retreating almost
to the coast during DJF (Figure 3.3d). The highest concentrations occur east of 150 °E
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towards the Ross Sea, while sea ice to the west is generally more spatially variable, with

lower concentrations, and occurring only in a narrow band around the coast.
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Fig. 3.3 Average seasonal HadISST sea ice concentration in the Western Pacific sector of East
Antarctica, around the coast of Wilkes Land, George V Land, and Oates Land (90-180°E), over the
40-year period 1979-2018 for MAM (a), JJA (b), SON (c), and DJF (d).

The spatial pattern of the correlation between SIC and the IOD index is visible in Figure
3.4. A significant positive correlation is observed around some sectors in the WPS in all
seasons, though is particularly weak in autumn. The correlation is most extensive in spring
(Figure 3.4c), when the zone of significant positive correlation with the IOD stretches from
90-180°E (reaching r=0.38), extending northward to the approximate maximum sea ice
edge, but excluding the area closest to the coastline itself. In winter (Figure 3.4b) the
positive correlation stretches from 115-190°E (reaching r=0.35) in a narrow band around the

approximate sea ice edge, and extending south to the coastline in the area from 115-145°E. In
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summer, the zone of positive correlation encompasses SIC from the ice edge to the coastline,
but only between 140-180°E (reaching r=0.42).
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Fig. 3.4 Correlation between the DMI I0OD index and HadISST seasonal sea ice concentration
anomalies around Antarctica, in MAM (a), JJA (b), SON (c), and DJF (d), over the period 1979-2018.
Areas outlined in black are statistically significant at the 5% level.

SIC that showed significant correlation with the IOD index in each season, also showed
evidence of a teleconnection to the equatorial Indian Ocean when correlated against gridded
H500 and SST fields (Figure 3.5). In austral spring and summer (Figures 3.5b & 3.5c¢),
SIC that was positively correlated with the IOD index was also positively and significantly
correlated (reaching r=0.5) with SST anomalies around the equator in the Indian Ocean
(between 10 °N and 10 °S), while in winter this correlation shifted south to the region
between 20-30°S (Figure 3.5a). In winter and spring, IOD-correlated SIC was also correlated



30 | SAM and IOD influence sea ice variability around Western Pacific sector of East
Antarctica

with two negative H500 anomalies, the first centred in the southern Indian Ocean (between
30-60°S), and the second centred directly to the east of the SIC-IOD correlation, either just
north of the Ross Sea (180°E) in SON, or at the coast of George V Land at around 150°E in
JJA (Figures 3.5b & 3.5a, respectively).

Within Wilkes Land, Figure 3.6 shows that the IOD index is associated with increased
meridional wind north of the coast between 110-150°E in JJA, 130-180°E in SON, and
90-140°E in DJF. The IOD index was also associated with northward heat flux anomalies
(reaching r=0.4) and negative 2m air temperature (T2M) anomalies (reaching r=-0.4) in the

same regions in SON and DJF.

Sea ice around the George V Land area was also associated with variability in the SAM
index, although the correlation between the two was positive during summer and autumn,
but negative during winter and spring. Figure 3.7 (b,c) shows that in winter and spring, a
moderate negative correlation exists between the SAM index and SIC in the sectors between
145-165°E (correlation coefficient between -0.2 and -0.4, p<0.05) beginning slightly offshore
and extending to the approximate ice edge. In summer and autumn, the sign of the correlation
in this same area shifts to weakly positive (coefficient reaches 0.2 in autumn and 0.25 in
summer, p<0.05), and extends slightly to include the area directly adjacent to the coastline
(Figure 3.7a,d).

The association between the SAM index and SIC around the Western Pacific sector
appeared to be the product of broader links between the SAM and regional circulation and
climate. Figure 3.8 shows the correlation between the SAM index in each season and T2M,
sea ice motion, NthHF, and 10m wind over the Western Pacific sector from 90-180°E. In
winter and spring (Figures 3.8c & 3.8e), the SAM index is correlated with strong positive
T2M anomalies (r=0.6) over the same area in which SAM was negatively correlated with
SIC in Figure 3.7 (b,c). In summer and autumn (when the SAM is positively correlated with
to SIC), the SAM is either only weakly correlated with positive T2M anomalies in this region
(MAM; Figure 3.8a), or is correlated with negative T2M anomalies (DJF; Figure 3.8d). In
winter and spring, SAM is correlated with either westward or southwestward sea ice motion
in this same region, where summer and autumn show much weaker associations with sea ice
motion. Figures 3.8b,d,f,h show that the SAM is associated with increased northwesterly
winds over the WPS in all seasons, and with anomalous southward heat flux in all seasons

but summer, in the area between 120°E and 160°E.

The relationship between the IOD and the SAM was examined here, on the basis that
the two modes were both associated with sea ice in the same regions of the WPS and in

the same seasons (Figure 3.10). While correlation analysis between the two modes yielded
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Fig. 3.5 Correlation between average SIC in IOD-correlated sectors, with ERAS sea surface tempera-
ture (coloured shading) and 500hPa geopotential height (contour lines with an interval of 0.1, where
solid lines denote a positive correlation, dash-dot lines denote a negative, and dashed line indicates
zero contour) anomalies in JJA (a), SON (b), and DJF (c). The areas over which SIC is averaged for
each season (120-140°E in JJA, 110-180°E in SON, and 140-165°E in DJF) are outlined in red, and
were determined from initial correlation analysis between SIC and the DMI IOD index.
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Fig. 3.6 Correlation between DMI IOD index with ERAS 2m air temperature (T2M) and NSIDC sea
ice motion in MAM (a), JJA (c), SON (e), and DJF (g), and with ERA5 mean northward heat flux and
10m wind direction in MAM (b), JJA (d), SON (f), and DJF (h). Coloured shading shows coefficients
for correlation with T2M in first column and NthHF in second column, while vectors show correlation
coefficients for sea ice motion in first column, and 10m wind direction in second column.
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Fig. 3.7 Correlation between the Marshall SAM index and HadISST seasonal sea ice concentration
anomalies around Antarctica, in MAM (a), JJA (b), SON (c), and DJF (d), over the period 1979-2018.

Areas outlined in black are statistically significant at the 5% level.
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Fig. 3.9 Scatterplots showing seasonal average DMI IOD index plotted against seasonal average
Marshall SAM index for the period 1979-2018. Seasons are MAM (a), JJA (b), SON (c) and DJF (d).

no statistically significant relationship (Figure 3.9), composite analysis showed different
responses within the sea ice depending on the combination of different SAM and IOD phases.
Figure 3.10 shows that sea ice anomalies around the WPS in winter and spring are strongest
when the modes are out of phase (i.e. +SAM/-IOD and vice versa), while the anomalies
in summer and autumn are strongest when the modes are in phase (i.e. +SAM/+10D and
vice versa). In each of these cases the anomalies are stronger than when SAM or IOD are
considered alone, though it must be noted that the sample size for the each of the joint

composites was substantially smaller (19) than the single mode composites (185).

One final point of interest was that in instances where the combination of mode phases is
associated with opposing responses in the sea ice around Wilkes Land, the sea ice anomalies
that are visible are more in line with the IOD-associated response. In spring, for example, an
-IOD phase is associated with negative SIC anomalies in Wilkes Land (Figure 3.4), while
a -SAM phase is associated with positive SIC anomalies in the same region (Figure 3.7),
however when both these phases occur together (as in Figure 3.10) we only see negative sea

ice anomalies.
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Fig. 3.10 Composite seasonal HadISST sea ice concentration anomalies around Antarctica during
each possible combination of positive (+) and negative (-) SAM and IOD phases, averaged over the
period 1979-2018. Each composite has between 12-26 members.

3.3 Discussion

The results presented in this chapter highlight a link between sea ice concentration around
the Western Pacific sector of East Antarctica, and large-scale atmospheric forcing connected
to the IOD and the SAM. Here I discuss the coupling between sea ice and atmosphere
in the WPS, and consider the possible pathways and mechanisms linking sea ice in this
region to variability in the polar and extra-polar atmosphere. I first consider the positive

correlation between the IOD and sea ice in winter, spring, and summer, and the processes and



3.3 Discussion | 37

mechanisms linking Wilkes Land to the tropical Indian Ocean. I then explore the relationship
between the SAM and sea ice in the George V Land sector, with particular attention given to
the seasonal shift in the sign of the correlation. Finally, I will consider whether the SAM and

the IOD interact with one another to affect change in East Antarctica.

3.3.1 10D influence on SIC

As described in section 3.2, correlation analysis shows that SIC around Wilkes Land is
significantly and positively correlated with the DMI IOD index in winter, spring, and summer,
and weakly correlated around George V Land in autumn. The correlation is strongest and
most extensive during austral spring (Figure 3.2c¢), limited to a narrow band around the ice
edge during winter (Figure 3.2b), and concentrated in the area around George V Land during
summer and weakly in autumn (Figure 3.2d,a). The spring component of these results are
in agreement with Nuncio and Yuan (2015) who found a positive correlation when they
examined the relationship between the DMI IOD index and spring sea ice concentration in a
similar area around Wilkes Land. The results presented in this thesis, however, extend these
findings to include a relationship between the IOD and SIC in both winter and summer, as
well as spring.

The mechanism connecting Wilkes Land with the tropical Indian Ocean in each of these
seasons is similar to that suggested by Nuncio and Yuan (2015). The mechanism involves
springtime IOD-associated tropical SST anomalies exciting an atmospheric wave train that
propagates southward to Antarctica, altering regional circulation and climate, and inducing
changes in the sea ice field around the Pacific sector of East Antarctica. Several studies have
theorised the occurrence of such a wave train, and of it driving the teleconnection between
the tropical Indian Ocean and the extra-tropics (e.g. Ambrizzi et al., 1995, 1998; Cai et al.,
2011b; Saji and Yamagata, 2003). Studies show that SST anomalies associated with the IOD
trigger convective heating anomalies over the equatorial Indian Ocean, driving upper level
atmospheric divergence and the poleward propagation of a Rossby wave train (e.g. Ambrizzi
et al., 1995, 1998; Cai et al., 2011b; Saji and Yamagata, 2003). By perturbing mean regional
circulation, this wave train explains SST and precipitation anomalies over southern Australia,
and alongside the findings of Nuncio and Yuan (2015), has been linked various aspects of
the sea ice system in Antarctica (Meehl et al., 2019; Purich and England, 2019; Wang et al.,
2019).

The results in this study fit with the theory outlined in Nuncio and Yuan (2015), and

suggest that this wave train may also operate during austral winter and summer. In winter,
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spring and summer, Figure 3.5 shows that SIC in the zones that are correlated with the
IOD are also correlated with warm SST anomalies in the western equatorial Indian Ocean
(although these occur 20 degrees south of the equator in winter). SIC in this zone is also
correlated with an alternating pattern of high and low pressure anomalies linking Wilkes
Land to the southern Indian Ocean (Figure 3.5). This suggests that variability in Indian
Ocean SST may trigger an atmospheric wave train response, which then affects regional
atmospheric circulation around East Antarctica.

Wilkes Land sits at the meeting point of two of these pressure anomalies, with anoma-
lously low pressure to its east during a positive IOD event, and anomalously high pressure
to its west (e.g. Figure 3.5b). This would act to enhance southerly winds over Wilkes
Land during a positive IOD, and enhance northerly winds during a negative IOD. Figure 3.6
supports the idea that the IOD is associated with changes in meridional winds around Wilkes
Land, showing that in the seasons where the IOD is correlated with Wilkes Land SIC (i.e.
JJA, SON and DJF), the IOD is also associated with anomalous meridional winds (namely an

increase in southerly winds during a positive IOD phase, when SIC is high, and vice versa).

Evidence in Figure 3.6 suggests that in JJA, SON, and DJF, the enhancement of merid-
ional winds by the IOD may then drive changes in northward heat transport and local air
temperature, which in turn affect sea ice growth and decay, and therefore sea ice concentra-
tion. This is particularly visible in Figure 3.6c-h, which shows that positive IOD phases are
associated with negative air temperature anomalies off the coast of Wilkes Land, along with

southward heat transport anomalies.

3.3.2 SAM influence on SIC

A statistically significant correlation is evident between the SAM index and sea ice concen-
tration in parts of the WPS. For the most part, this correlation is positive, however around
George V Land (between 140-155°E, and where correlation with the SAM is the strongest
and most extensive) it changes from positive during summer and autumn, to negative in

winter and spring.

The positive correlation between the SAM and sea ice around the WPS in autumn and
summer is in line with studies such as Hall and Visbeck (2002), Sen Gupta and England
(2006), Purich et al. (2016), and Doddridge and Marshall (2017) who suggest that at a broad
scale the SAM can drive an increase in sea ice concentration during its positive phases, by

increasing northward transport of ice and colder surface water. However, this theory conflicts
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with the finding in this thesis that sea ice around George V Land that shifts and experiences a
negative correlation with the SAM during winter and spring (Figure 3.2).

The switch from positive to negative correlation around George V Land over JJA and SON
observed in Figure 3.7 could be related to the non-annular component of the SAM; namely
its relationship with the ASL. The ASL, as discussed in detail in Chapter 1, is deepened
during positive SAM phases and weakened during negative phases, which has flow on effects
for the surrounding sea ice field. The position of George V Land in relation to the average
location of the ASL (i.e. to its west), means that it could be affected by the meridional flow
associated with the western side of the ASL. This would result in increased southerly winds
(and so increased SIC) over George V Land when the ASL deepens during a positive SAM
event, and reduced southerly winds (reduced SIC) when the ASL weakens during a negative
SAM event. However, during austral winter and spring, the average location of the ASL
shifts eastward, and consequently drives an eastward shift in the location of its associated sea
ice anomalies (Simpkins et al., 2012). The eastward shift could result in reduced meridional
flow over George V Land, reducing sea ice concentration during a positive SAM event rather
than increasing it, and explaining the shift from positive to negative SAM correlation in the
results discussed here.

This theory, while plausible, does not fit with the patterns of 10m wind and northward
heat flux that are correlated with the SAM in Figure 3.8. Neither 10m wind direction
nor northward heat flux show significant differences in their correlation with the SAM in
winter/spring vs summer/autumn; in all cases the SAM is correlated with northwesterly
winds over the WPS, and a moderate correlation with southward heat flux over the coast
between 120-160°E. If the seasonal shift in position of the ASL were responsible for the
change in sign in the SAM/SIC correlation, we would expect to see seasonal changes in the
meridional wind and heat flux fields, but this is not the case.

Another explanation for this seasonal switch may lie in the SAM’s relationship to
polynyas around George V Land, and subsequent influence on sea ice. Polynyas are stretches
of open water surrounded by a body of sea ice, with rates of sea ice formation up to 10
times higher than in the surrounding sea ice zone (Zwally et al., 1985). Antarctic coastal
polynyas often form as a result of forcing by katabatic winds, which act to constantly advect
sea ice away from the coast and expose open ocean, encouraging the formation of new sea ice
(Barber and Massom, 2007; Maqueda et al., 2004). Around East Antarctica, and particularly
around Wilkes Land/George V Land, high rates of sea ice production are driven by a number
of large and intense wind-driven polynyas (Campagne et al., 2015; Massom et al., 2013;
Tamura et al., 2008).
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The SAM is known to affect katabatic winds around Antarctica, whereby the intensifi-
cation of the polar vortex during a positive SAM phase serves to isolate the continent and
reduce northward katabatic airflow, while in a negative phase the opposite occurs, with
weaker circumpolar westerly winds allowing more intense katabatic flow (Marshall et al.,
2013; Van Den Broeke and Van Lipzig, 2004). Of particular relevance to the location of the
strong seasonally-variable SAM correlation in the results (140-155°E), SAM variability has
been directly linked to sea ice production in the Mertz Glacier Polynya, located in this same
region, offshore from the Mertz Glacier in George V Land (Campagne et al., 2015).

This offers a potential explanation for the negative winter/spring correlation with SAM
around George V Land presented in Figure 3.7. During winter and spring the sea ice edge
migrates northward (Figure 3.3), expanding the total sea ice area. As the edge of the sea
ice zone is where it is most sensitive to atmospheric and oceanic forcing (Stroeve et al.,
2016), its expansion northward means that a greater proportion of the total sea ice zone is
made up of more stable interior pack ice. During this time the sea ice production in the
Mertz polynya would offer one of the only sources of sea ice variability south of the sea ice
edge, and so would be an important control on sea ice concentration for the broader region.
SAM-associated alteration to katabatic wind-flow during these seasons would therefore be
reflected in sea ice variability via its influence on polynya size and variability. During the
MAM and DJF, when the sea ice extent is at its minimum (Figure 3.3), polynya sea ice
productivity would play a less important role in driving sea ice variability.

The possibility that the SAM is linked to sea ice around George V Land differently in
winter and spring due to its influence on polynya activity is consistent with the results from
this study in Figure 3.8. Figure 3.8 shows that the main differentiating features between the
summer/autumn and winter/spring correlations between the SAM and key climate variables,
are within the air temperature and sea ice motion fields. In winter/spring, the SAM is
correlated with consistent southwest sea ice motion anomalies around the coast of George
V Land along with positive T2M anomalies centred between 140-160°E, and around 60 °S,
directly north of the Mertz Glacier Polynya (Figure 3.8c,e). In summer/autumn, however, the
SAM is correlated with weaker sea ice motion in more variable directions, and to weaker
positive or strong negative T2M anomalies (Figure 3.8a,g). These shifts occur despite no
significant change in the 10m wind or northward heat flux fields between seasons (Figures
3.8b,d,f,h).

These results could suggest that in winter/spring, when the sea ice is at its maximum,
the strengthening of katabatic winds associated with a negative SAM phase drive increased

northward sea ice transport. Coupled with the associated increased sea ice productivity of the



3.3 Discussion | 41

Mertz Glacier Polynya, this results in anomalously high sea ice concentration in the region
north of the Mertz Glacier Polynya. The anomalously high SIC then drives anomalously low
temperatures in the same region, due to the cooling effect that sea ice can has on local air
temperatures (e.g. Kumar et al., 2010; Screen and Simmonds, 2010; Serreze et al., 2009).
During summer/autumn when the sea ice extent is much smaller and the Mertz Glacier
Polynya plays a less important role in determining broader sea ice variability, the same
changes in atmospheric circulation do not induce the same response from the sea ice and air

temperature fields.

3.3.3 SAM/IOD interaction

The fact that sea ice around Wilkes Land correlates with both the SAM and the IOD (Figures
3.4 & 3.7), and both were strongest in winter and spring, prompted questions around whether
the impact of each mode was influenced by the other. This analysis yielded no statistically
significant correlation between indices of the two modes in any season. This supports the
findings of studies such as Cai et al. (2011a) and Purich and England (2019), who despite
suggestions that the SAM may force the IOD (Lau and Nath, 2004; Meehl et al., 2019),
found no significant links between the two modes.

Composite analysis (Figure 3.10) of average SIC for periods with each combination of
mode phases (i.e. +SAM/+10D, +SAM/-IOD etc), however, showed that the response of
SIC to each phase of one mode was altered depending on the phases of the other, despite the
two modes varying independently. In winter and spring, SIC anomalies in the WPS were
strongest when the two modes were out of phase with each other (i.e. when +IOD coincided
with -SAM and vice versa), while summer and autumn saw stronger SIC anomalies when the
modes were in phase with one another (i.e. +IOD with +SAM). This agrees with the results
of the correlation analysis in Figures 3.4 and 3.7, which indicated that SIC in Wilkes Land
would increase as the IOD index increased and the SAM index decreased. Most interestingly,
in cases where the phase of the IOD and SAM would elicit opposite responses in the sea ice
(i.e. when +SAM and +10D occur together in SON or JJA), the composite analysis yielded
anomaly patterns most similar to those associated with the IOD. These findings imply that
the influence exerted by the IOD on SIC in Wilkes land is perhaps stronger than that exerted
by the SAM.
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3.4 Conclusions

This study of sea ice concentration over the 40 year period between 1979-2018 reveals that
sea ice variability in the Western Pacific sector of East Antarctica is influenced by both polar
and tropical climate variability, in the form of the SAM and the IOD. This chapter shows that
sea ice around Wilkes Land is correlated with the IOD and teleconnected to the equatorial
Indian Ocean in winter, spring and summer. Further correlation analysis showed that the
IOD is associated with anomalous meridional winds over Wilkes Land, and accompanying
northward heat flux and air temperature anomalies, which likely drive changes in the sea
ice. Correlation between Wilkes Land sea ice and SST in the equatorial Indian Ocean, and
with a sequence of H500 pressure anomalies extending from Wilkes Land to the southern
Indian Ocean, support the theory that IOD-associated tropical SST anomalies drive a Rossby
wave train that propagates southward, altering regional circulation over Wilkes Land. These
findings suggest that the IOD influence on Antarctic sea ice is not limited to austral spring as

previously thought, but also extends to winter and summer.

This chapter documented a strong correlation between sea ice around George V Land
and the SAM that switched from positive in summer/autumn to negative in winter/spring.
Correlation analysis suggested that the SAM may affect sea ice in this region through its
influence on wind-driven coastal polynyas such as the Mertz Glacier Polynya. A negative
SAM phase is associated with increased katabatic wind strength at the coast, which then
enhances polynya sea ice productivity, and northward advection of sea ice, with the opposite
occurring during a positive SAM. In winter/spring during the sea ice maximum (when sea ice
concentration experiences less overall change), polynya-associated sea ice production would
provide an important source of variability in sea ice concentration for the broader region.
During summer and autumn, when sea ice in the WPS reaches its minimum and the marginal
ice zone almost reaches the coastline, polynya-driven sea ice variability would play a less

important role in driving sea ice concentration.

In this chapter, I demonstrated that the SIC in the WPS responds differently to each of the
two climate modes dependent on the phase of the other. In particular, I found that the impact
of the IOD on SIC appeared to be stronger than that of the SAM on SIC, as a combination of
IOD/SAM phases that would elucidate opposite responses in the sea ice tended to result in
anomalies closer to those expected from the IOD phase. To my knowledge, this possibility

has not been addressed in other research, and provides an interesting avenue for future work.

Each of these findings highlight the significant connection between sea ice in the WPS
and Southern Hemisphere atmospheric variability. Given the possibility that the SAM may
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be trending toward a higher occurrence of positive events, the correlation between SAM and
SIC here could suggest that we may see less sea ice around George V Land in the future.
Considering the role that sea ice plays in the stability of ice shelves and outlet glaciers in the
Western Pacific region, and the increasing vulnerability of the East Antarctic Ice Sheet in this

region to climate change, more research on these relationships is needed.
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4.1 Introduction

Antarctic sea ice is an important component of the global climate system, modulating global
circulation through changes to heat and moisture fluxes (Grotzner et al., 1996; Rind et al.,
1995; Walsh, 1983), surface albedo (Curry et al., 1995), and production of deep ocean waters
(Ferrari et al., 2014; Jacobs, 2004). Changes in sea ice distribution therefore have far-reaching
consequences, and are critically important to understand in the context of broader earth-
atmosphere system change. However, coupled sea-ice-climate models are currently unable to
replicate current sea ice trends and variability in the Southern Ocean, predicting a negative

trend where observations show a positive one (e.g. Comiso and Nishio, 2008; Polvani and
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Smith, 2013; Turner et al., 2013c), highlighting the limitations in our understanding of the
processes that drive sea ice change.

Several studies have suggested that climate variability and tropical teleconnections such
as those associated with El Nifio Southern Oscillation (ENSO) may play a role in determining
recent sea ice variability and trends (e.g. Meehl et al., 2016; Purich et al., 2016; Raphael
and Hobbs, 2014; Simmonds and Jacka, 1995; Simpkins et al., 2012; Yuan and Li, 2008).
ENSO is a pattern of large-scale atmospheric and oceanic variability manifesting most
prominently in a dipole in tropical Pacific SST anomalies and the perturbation of tropical
convection. Changes in the tropical atmospheric circulation then propagate further into
the global circulation, driving variability in precipitation (e.g. Barlow et al., 2001; Dai and
Wigley, 2000; Ropelewski and Halpert, 1986), air temperatures (e.g. Power et al., 1999; Pozo-
Vazquez et al., 2001; Smith and Sardeshmukh, 2000), local winds (e.g. Romero-Centeno
et al., 2003) and storm activity (e.g. Camargo and Sobel, 2005; Wang and Chan, 2002).

The influence of ENSO extends to Antarctica, affecting regional circulation (e.g. Bromwich
et al., 2004; Harangozo, 2004; Schneider et al., 2012; Turner, 2004), air temperature (e.g.
Ding and Steig, 2013; Ding et al., 2011; Kwok and Comiso, 2002), and precipitation (e.g.
Bromwich et al., 2000; Cullather et al., 1996; Genthon and Cosme, 2003; Noone et al., 1999).
The influence of ENSO is shown to affect sea ice formation, melt, and transport, leading to
some covariability between ENSO and sea ice concentration (Kwok and Comiso, 2002; Liu
et al., 2002; Renwick, 2002; Yuan, 2004). This signal has been identified in sea ice around
West Antarctica, most prominently in the Ross, Bellingshausen, Amundsen, and Weddell
Seas (e.g. Kwok et al., 2016; Simmonds and Jacka, 1995; Simpkins et al., 2012; Yuan and Li,
2008).

In East Antarctica, an ENSO signal has been identified in other components of the
climate and cryosphere, including ice sheet accumulation (Boening et al., 2012), precipitation
(Schlosser et al., 2010), air temperature (Schneider et al., 2012; Welhouse et al., 2016)
and landfast ice (Aoki, 2017). Raphael and Hobbs (2014) and Stammerjohn et al. (2008)
examined the broad links between climate variability and the sea ice advance and retreat
cycle, which included sea ice averaged across East Antarctica. However there has been little
direct research into the role that ENSO and other large-scale modes of climate variability

play in influencing sea ice concentration (SIC) around East Antarctica.

Our research aim was to bridge this gap by investigating the role of ENSO in influencing
the past four decades of sea ice variability around East Antarctica. We approached this by
correlating the satellite sea ice record with atmospheric reanalysis data over 1979-2018 and

the Nifio 3.4 ENSO index, and with composite analysis of atmospheric circulation during
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Dronning
Maud-Land

90'E

Fig. 4.1 Map of the study area including key locations discussed in this chapter (Chapter 4), and with
the Dronning Maud Land/ Enderby Land sector of interest (south of 50°S and between 10°E and
70°E) shaded in grey. Blue dashed line encloses the broader East Antarctic sea ice area examined.

periods of high and low SIC. Our study focused on the region south of 50°S and between
10°E and 70°E, encompassing part of Dronning Maud Land (DML) and Enderby Land
(Figure 4.1a).

4.2 Results

4.2.1 Sea ice correlation with Nino 3.4 index

Correlation analysis showed that the most significant association between the Nifio 3.4 index
and SIC around East Antarctica occurred in the region of Dronning Maud Land and Enderby
Land between 10°E and 70°E (Figure 4.2). In this region, Nifio 3.4 and both summer (DJF)
and autumn (MAM) SIC were moderately and negatively correlated (on average r=-0.25 in
DJF and r=-0.38 in MAM, p<0.05). The correlation was strongest in autumn, reaching a
peak of -0.38 at around 55°E (Figure 4.2). Other weak but statistically significant correlations
between Nifio 3.4 and SIC occurred in isolated regions along the rest of the East Antarctic
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Fig. 4.2 Correlation between Nifio 3.4 index and average seasonal sea ice concentration in latitudes
south of 50°S, and in 10° sliding sectors of longitude (each data point marks the start of a sector)
between 0 - 180°E around the coast of East Antarctica over 1979-2018. Horizontal black lines mark
statistical significance at the 5% level.

coastline; positive correlations with SIC around 80-95°E (autumn), 95-110°E (spring), and

145-155°E (summer), and a negative correlation from 110-130°E (summer).

4.2.2 Seaice correlation and composites with atmospheric reanalysis

In the region around DML where sea ice was significantly correlated with ENSO, the sea
ice zone demonstrated substantial seasonal and interannual variability. Figure 4.3 shows
average seasonal SIC in the region between 0-90°E over the period 1979-2018. Sea ice
concentration around the Dronning Maud Land/ Enderby Land region was highest and most
spatially extensive in JJA and SON (Figure 4.3c,d), when SIC was >0.8 from the coastline to
approximately 60°S and >0.15 (the commonly used threshold of sea ice presence/absence)
to 55°S in some places. In contrast, sea ice concentrations were greater than 0.15 in MAM
and DJF only in a narrow band around the coastline, extending northward by 1 or 2 degrees
(Figure 4.3b,e). SIC in the DML region also demonstrated substantial interannual variability,
as shown in Figure 4.3a. Interannual variability was strongest in JJA and SON. The strongest
positive (0.09) and negative (-0.07) SIC anomalies occurred in SON, in 2011 and 1997
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respectively. In MAM and DJF (the seasons in which SIC was most strongly correlated with
ENSO), interannual variability was more subdued, with the highest SIC anomaly occurring
in 2011 (0.05) and the lowest in 1987 (-0.02).

SIC in DML was also significantly correlated with aspects of both local-scale climate
around DML, and larger-scale Southern Hemisphere circulation. SIC in DML was inversely
correlated with localised T2M and SST in all seasons (Figures 4.4 & 4.5), and positively
correlated with a pattern of H500 consistent with anomalously southerly airflow over DML
in all seasons but DJF. This pattern consisted of a positive correlation with H500 to the
west of the DML region, and an inverse correlation with H500 to the east (Figure 4.4). All
correlations were strongest and most extensive in MAM (maximum correlation magnitudes
of r=-0.7,0.3, and -0.6 for T2M, H500 and SST respectively).

At a broader scale, Figures 4.4 and 4.5 also show the presence of a second centre of
negative correlation between DML SIC and SST or T2M in all seasons (though strongest in
autumn), centred on the opposite side of the continent to DML in the Amundsen Sea region
(reaching r=0.5 for SST and T2M). There was also a significant correlation between SIC
in Dronning Maud Land and a distinct wave train in the H500 field (Figure 4.4a and 4.4b),
linking DML to the Amundsen Sea during autumn and winter. This consisted of a positive
correlation around 0°E (reaching r=0.4), a negative correlation in the Amundsen Sea region
(reaching r=-0.3), and a positive correlation north of the Ross Sea region (reaching r=0.3).
In areas where DML SIC was positively correlated with a pattern of H500 that would be
conducive to equatorward air flow (i.e. high pressure to the west, low pressure to the east),
SIC was also inversely correlated with air temperature (Figure 4.4), and vice versa. Figure
4.4 also shows evidence of a Southern Annular Mode (SAM)-like pattern in the H500 fields
in JJA and most prominently in DJF, where SIC is inversely correlated with H500 over the
continent, and positively correlated with H500 around the continent.

In addition to the correlations in the Southern Ocean, Figure 4.5 also showed a moderate
inverse correlation between autumn and summer SIC in Dronning Maud Land and SST in
the equatorial Pacific Ocean. The correlation was strongest and most spatially extensive in
summer (r=-0.47), extending across the equatorial Pacific Ocean just south of the equator,
from 180°E to the coast of South America (Figure 4.5). In SON and JJA there was only a
weak negative correlation with equatorial Pacific SST covering a much smaller region than

in autumn and summer (Figure 4.5b,c).

Anomaly composites of SST during periods when sea ice concentration was in the upper
or lower quartile again showed links to the equatorial Pacific Ocean (Figure 4.6), though also

revealed a degree of asymmetry in this relationship. When sea ice was particularly low in
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Fig. 4.3 (a) Timeseries of seasonal HadISST sea ice concentration anomaly averaged over the
Dronning Maud Land/ Enderby Land sector of interest (south of 50°S and between 10-70°E) for the
40-year period 1979-2018; and (b-e) average seasonal HadISST sea ice concentration around the
coast of Dronning Maud Land and Enderby Land, for the same time period, and where the seasons
are MAM (b), JJA (c), SON (d), and DJF (e).
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Fig. 4.4 Correlation between SIC averaged around Dronning Maud Land (10°E - 70°E, south of 50°S,
area outlined in black) with T2M (shading) and H500 (contour lines, where solid lines show positive
correlation coefficients, dash-dot lines show negative, and dashed line indicates zero contour, all with

contour intervals of 0.1) during MAM (a), JJA (b), SON (c), DJF (d). All T2M correlations shown are
significant at the 5% level.
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Fig. 4.5 Correlation between SIC around Dronning Maud Land (10°E - 70°E, south of 50°S, area
outlined in black) and SST during MAM (a), JJA (b), SON (c), DJF (d). All correlations shown are
significant at the 5% level.

DML during autumn and summer, SST in the equatorial Pacific Ocean and off the coast of
equatorial South America showed a positive anomaly of up to 0.6°C (Figure 4.6b and 4.6h).
While this relationship was fairly symmetrical during DJF, it was markedly asymmetrical
during MAM, with SST anomalies much weaker (between 0.1 and 0.4 °C) when SIC was in
the upper quartile compared to the lower quartile. Figure 4.6 additionally showed stronger
SST anomalies in all seasons in the DML and Amundsen/Bellingshausen sea regions when

DML SIC was in the upper quartile compared to the lower quartile.

In Figures 4.7a and 4.6a, the anomaly composites of H500 during periods of higher than
usual autumn SIC in DML showed the same wave train as is visible in the correlations in
Figure 4.4 (namely a high pressure anomaly northeast of the Weddell Sea, a low pressure
anomaly in the Amundsen Sea, and a high pressure anomaly north of the Ross Sea), but
the composites of low SIC do so only to a much weaker extent (Figure 4.7¢ and 4.6b).
These patterns were accompanied by anomalously high T2M over DML and over the Ross
Sea (+2°C) when SIC was low, and smaller negative anomalies in T2M (<-1.0°C) in the
Amundsen Sea, along with in DML itself (-2.5°C) when SIC is high. In DJF (Figure 4.7d
and 4.7h), there were no substantial T2M anomalies when SIC was particularly high or low.
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Fig. 4.6 Anomaly composite mean for the upper (High SIC) and lower (Low SIC) quartiles of SIC
around Dronning Maud Land (10°E - 70°E, south of 50°S, area outlined in black) over 1979-2018.
Shading is sea surface temperature anomalies (°C). Contour lines show 500hPa geopotential height
anomalies (m) at 50m intervals. Solid contours are positive anomalies, dash-dot contours are negative.
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Fig. 4.7 Anomaly composite mean for the upper (High SIC) and lower (Low SIC) quartiles of SIC

area outlined in black) over 1979-2018.

Shading is 2 m air temperature anomalies (°C). Solid contours are positive 500 hPa geopotential

height anomalies (m) at 50 m intervals, dash-dot contours are negative, dashed line indicates zero

contour.
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Fig. 4.8 Anomaly composite mean vertical integral of the northward heat flux (W m~!) for the upper
(High SIC) and lower (Low SIC) quartiles of SIC averaged around Dronning Maud Land (10°E -
70°E, south of 50°S, area outlined in black) over 1979-2018.

To more closely examine the mechanisms by which SIC in DML is affected by large-
scale climate variability, average northward heat flux and average sea ice motion during
periods when sea ice in DML was in the upper and lower quartiles of concentration were
also examined. Figure 4.8 (a-d) shows a strong positive northward heat flux anomaly (i.e.
increased northward transport of heat) in the western half of the DML study area when SIC
in DML was particularly high, in all seasons but DJF (reaching 4x10° W m~! in JJA and
SON, and 2.5x10° W m~! in MAM). When SIC in DML was particularly low, however, the
reverse of this pattern was not reflected to the same magnitude. Smaller negative northward
heat flux anomalies (-2.5x10° W m~! in MAM and SON, and -2x10° W m~! in JJA) were
present in all seasons but DJF (Figure 4.8e-h), though in JJA the anomalies were present in
the eastern half of the DML study area rather than the west.

Sea ice motion anomalies during periods of both high and low SIC were strongest in the
western half of the DML study area, between 10 - 40°E (Figure 4.9). When SIC in DML
was particularly high, sea ice motion in this zone exhibited a consistent eastward anomaly,
particularly toward the outer edge of the sea ice (Figure 4.9a,c,g,e). This pattern was most
prominent in JJA and SON. When SIC in DML was particularly low, ice motion anomalies
were weaker, and showed greater variability in the direction of motion (Figure 4.9b,d,f,h).
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The exception to this was in DJF, where sea ice motion was anomalously westward when

SIC was low, in contrast to the anomalous eastward motion when SIC was high.

4.2.3 Nino 3.4 correlation with atmospheric reanalysis

In a more direct examination of the role that ENSO plays in determining SIC in DML, Figures
4.10-4.12 show the correlation between ENSO and various aspects of the regional circulation
and climate around DML. Many of the patterns evident in these figures are the same as those
seen in the associations between DML SIC and climate variability, particularly in the H500,
SST, and T2M fields (Figures 4.5 & 4.4). In both MAM and DJF, when ENSO and SIC were
most strongly linked, ENSO variability was correlated with positive T2m (Figures 4.10a &
4.10d, correlation reaching r=0.47) and SST (Figures 4.11a & 4.11d, correlation reaching
r=0.49) anomalies centred between 20-50°E, and stretching from the coastline to 50°S. These
correlations were either much weaker or not visible during JJA (Figures 4.10b & 4.11b) and
SON (Figures 4.10c & 4.11c), when ENSO was not significantly correlated with SIC.

In MAM ENSO was also correlated with anomalously negative H500 over the coastline
to the west of DML (centred on 0°E) with an accompanying positive anomaly in northerly
winds when regressed against the Nifio 3.4 index and negative correlation with northward
heat flux on the eastern side of this system, extending across DML (Figures 4.11a & 4.12a).
In DJF this low pressure correlation was centred again over the meridian but further north
than MAM, coupled with a positive correlation with H500 over the continent (Figure 4.11d).
This was accompanied by increased zonal winds over the DML sea ice zone (Figure 4.12
south of 55°S) when regressed against the Nifio 3.4 index, more northeasterly between
30-60°E, and more southeasterly in all other longitudes, along with significant anomalous
northwestward sea ice motion off the coast of DML (Figure 4.10d). In JJA and SON, when
ENSO and SIC were not significantly correlated, ENSO was associated with much weaker
patterns of H500 (Figure 4.11b,c) that did not match those that were correlated with DML
SIC (Figure 4.4b,c).

4.3 Discussion

Our results show a clear statistical link between ENSO and SIC around the coast of DML and
provide new insight into the role of climate variability in determining SIC in East Antarctica.
There was a significant correlation between the Nifio 3.4 index and sea ice concentration

between 10°E to 70°E in summer and autumn, where SIC increases during a negative ENSO
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Fig. 4.9 Anomaly composite mean sea ice motion (m hr~!) vectors for the upper (High SIC) and
lower (Low SIC) quartiles of SIC averaged around Dronning Maud Land (10°E - 70°E, south of 50°S).
Reference arrow shows a rate of 0.7 m hr—!.
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Fig. 4.10 Correlation between the Nifio 3.4 index and ERA 5 monthly average 2m air temperature
anomalies (coloured shading), and regression of the NSIDC sea ice motion anomalies (vectors) against
the Nifio 3.4 index during MAM (a), JJA (b), SON (c), and DJF (d), across the Dronning Maud Land/
Enderby Land region (0-90°E). Reference arrow shows a rate of 15 m d-!.
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Fig. 4.11 Correlation between the Nifio 3.4 index and both ERA 5 monthly average SST anomalies
(coloured shading), and 500 hPa geopotential height anomalies (contour lines, where solid lines show
positive correlation coefficients, dash-dot lines show negative, and dashed lines indicate zero contour,
all with contour intervals of 0.1) during MAM (a), JJA (b), SON (c), and DJF (d), across the Dronning
Maud Land/ Enderby Land region (0-90°E).



60 | ENSO modulates summer and autumn sea ice variability around Dronning Maud Land

50°S [ ] T 50°S = e l 1 IR
a) MAM t b) JJA
PSS RS-
60°S NNNNS 60°8 27 s\ *\\\\ NN
//1\/ v ¥ /'/‘kﬂ—v\\\\ LN N
A ~ v—ééf-h “
70°S | f NS 7008 S === &\\
/ /\ “\\ = > 4
Dronning Maud Landﬁ/ / \0,3 m s Dronning Maud Land r 0.3 :1‘3\1‘
80°S ' ' —t 80°S | 1 ——
0° 20°E  40°E  60°E  80°E 0° 20°E  40°E 60°E  80°E
5008 T T = | I / , / / 77 50°S| [ S — \\ o= [ ,¢
c) SON t d) DJF ] 1
;“-—'/‘fH]\\\rN \\\\\‘“//‘//*"\i\'\‘\\N-
0 ol LAY N\ N LN
60°S b7 === ANN N\ NN 60°8 = SN\
-7t p 7/ ‘\\\\\?%//ﬁ\'\'\x\;
70°S A m; ~ 70°S ?—l-vlvqll\»"‘-. >N\ :TL.\/
NN N~ ez 2 le 22wl w SN N NN S
03 mst | Dronning Maud Land | 03 mst
8008 8008 | | _'_'
0° 20°E  40°E  60°E  80°E 0° 20°E  40°E  60°E 80°E
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 4.12 Correlation between the Nifio 3.4 index and ERA 5 vertically integrated average northward
heat flux anomalies (coloured shading), and regression of 10m wind anomalies (vectors) against the
Nifio 3.4 index during MAM (a), JJA (b), SON (c), and DJF (d), across the Dronning Maud Land/

Enderby Land region (0-90°E). Reference arrow shows a rate of 0.3 m s~
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phase, and decreases during a positive one. Analyses of SST, T2M, and H500 fields, as
discussed below, illustrate the mechanisms by which this link occurs. While past studies
(e.g. Aoki, 2017; Boening et al., 2012; Noone et al., 1999) have found evidence of an ENSO
signal in other aspects of the DML ice-ocean-atmosphere system, our findings extend this to
include sea ice concentration, suggesting that the influence of ENSO on Antarctic sea ice is

more geographically extensive than previously reported.

We suggest that ENSO exerts an influence over SIC in Dronning Maud Land through
similar mechanisms as the well-established link between ENSO and sea ice in West Antarctica
(e.g. in the Ross and Amundsen Seas). The West Antarctic link is driven by the perturbation
of large-scale atmospheric circulation by tropical Pacific SST anomalies, and the development
of a southward-propagating wave train which results in low or high pressure anomalies in the
Amundsen Sea region during a La Nifia or El Nifi respectively, and vice versa in the Weddell
Sea (Kwok and Comiso, 2002; Yuan, 2004). These circulation changes affect local heat fluxes
and advection in these regions (e.g. the Antarctic Peninsula, Amundsen/Bellingshausen Seas,

and the Ross Sea), in turn influencing SIC.

We find that SIC in Dronning Maud Land was significantly correlated with SST in the
Nifio 3.4 region of the eastern tropical Pacific Ocean (Figure 4.5a,b,c), and similarly to a
wave train in the H500 field that extends into the south Pacific sector of the Southern Ocean,
and then eastward around Antarctica (Figure 4.4). These patterns were also clearly visible
within the SST and H500 anomalies when SIC in DML was particularly high, and to some
extent when it was particularly low (Figures 4.6a,b,g,h and 4.7a,e). The wave train appears
similar to the Pacific South American pattern (PSA), a pattern of climate variability triggered
by equatorial SST anomalies which is considered to be the dominant mechanism by which
ENSO influences high southern latitude climates (Harangozo, 2004; Karoly, 1989; Mo and
Higgins, 1998; Mo and Paegle, 2001).

The pattern in our H500 correlations (Figure 4.4) included a correlation with the Antarctic
Dipole, a well-known feature of geopotential height and sea ice anomalies in the Amundsen
and Weddell Seas (Yuan and Martinson, 2000, 2001). The dipole is driven by the PSA/ENSO,
and typically consists of a negative geopotential height anomaly in the Amundsen Sea (the
Amundsen Sea Low) and a positive anomaly in the Weddell Sea during La Nifia, and vice
versa with El Nifio (Kidson and Renwick, 2002; Renwick, 2002; Yuan and Martinson, 2000,
2001). These results support the findings of Aoki (2017) and Noone et al. (1999) who
suggest that the Weddell Sea component of this wave train directly affects certain aspects
of the DML climate are linked to ENSO variability. Its proximity just to the west of DML

means anomalous high or low pressure would alter local scale wind speeds and direction, in
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particular the north-south airflow across DML (Hirasawa et al., 2000; Noone et al., 1999;
Welhouse et al., 2016). Low pressure in the Weddell Sea (El Nifio) would increase poleward
(northerly) airflow across DML, while high pressure (LLa Nifia) would increase equatorward
(southerly) flow. This theory is supported by the findings in Figure 4.11 which show that in
MAM and DIJF, the HS00 wave train associated with ENSO includes a centre of anomalous
low pressure over the meridian with the eastern limb extending over DML. Accompanying
this in MAM, El Nifo is associated with anomalous northerly airflow and lower than usual
SIC in DML, while La Nifa is associated with anomalous southerly airflow and increased
SIC in DML (Figure 4.12).

Increased northerly airflow could be expected to drive changes in SIC through two
different mechanisms. Thermodynamically, more northerly airflow would increase the
advection of warm air from lower latitudes, increasing air temperature and thus increasing
the surface melt of existing sea ice or decreasing the formation of new ice. Dynamically,
northerly air flow would decrease transport of sea ice from the south, increasing concentration
close to the coastline, but reducing overall extent (Lefebvre and Goosse, 2005; Liu et al.,
2004; Turner et al., 2009). Increased southerly airflow exerts the opposite influence on sea
ice e.g. bringing cooler polar air over the region, and encouraging northward advection of

new ice.

The covariance of the dynamic and thermodynamic impacts of meridional flow mean it
is generally difficult to discern which of these mechanisms dominate. Figure 4.8 shows a
strong association between meridional heat transport and SIC in Dronning Maud Land in
all seasons but DJF, particularly when SIC is high. However, the links between SIC and
sea ice motion in DML appeared to favour zonal transport over meridional transport. The
association between SIC in the western side of DML and zonal sea ice motion in Figure 4.9,
where westward transport is linked with higher SIC in all seasons, and eastward transport is
additionally linked with low SIC in DJF, suggests that sea ice import from the east contributes
to the sea ice pack in Dronning Maud Land. This finding supports those of Kimura and
Wakatsuchi (2011), who identified that SIC in the western most part of Dronning Maud
Land (0°E - 30°E), is strongly contributed to by the eastward import of sea ice from the
Weddell Sea. In relation to ENSO, Figures 4.10-4.12 show that in MAM, ENSO is positively
correlated with anomalous northerly winds, T2M, SST, and NthHF over the DML sea ice
zone, and not substantially correlated with sea ice motion. This suggests that in MAM, the
link between ENSO and SIC around DML is driven by the anomalous northward transport
of heat over DML and subsequent T2M anomalies. As MAM encompasses the beginning

of the sea ice growth season, these T2M anomalies would serve to either enhance (La Nifia,
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negative T2M anomaly) or slow (El Nifio, positive T2M anomaly) sea ice growth processes,
driving anomalously high (La Nifia) or low (El Nifio) SIC around DML.

In DJF, the processes connecting DML SIC to ENSO-associated circulation anomalies
appear to be different. The positive correlation with anomalous H500 centred over the
meridian is much further north in DJF than in MAM. This means that ENSO is correlated
with easterly and southeasterly winds over the DML sea ice zone (Figure 4.11), as opposed
to the northerly winds associated with ENSO in MAM, and is not significantly correlated
with northward heat flux. However, in DJF ENSO remains strongly correlated with SST and
T2M anomalies between the coastline and 55°S, and is associated with northward sea ice

transport across the DML sea ice zone.

One possible explanation is that the increased zonal component of the wind flow as-
sociated with ENSO in DJF (increased easterly winds during an El Nifio and increased
westerly winds during a La Nifia) results in anomalous Ekman flow (southward during El
Nifo, northward during La Nifia), which acts to advect either warm water southward in an El
Nifo or cold water northward in a La Nifa (Ferreira et al., 2015). As DJF is the Southern
Hemisphere sea ice melt season, overall variability in SIC would be driven by variability in
the amount of sea ice melt. Consequently, the warmer SST associated with an El Nifio phase
would then increase the rate of sea ice melt, and decrease sea ice concentration around DML.
During a La Nifa phase, the advection of cooler water northward would do the opposite,
slowing the rate of sea ice melt and thus drive anomalously high SIC.

In addition, the positive correlation between ENSO and northeastward sea ice motion
during DJF could be explained by the influence that sea ice concentration has on sea ice
motion. Higher SIC means a more consolidated sea ice pack that is more resistant to wind-
or ocean-forced advection (Kimura, 2004; Steele et al., 1997). This could mean that the
increased northward transport of sea ice during El Nifio phases (southward transport during
La Nifia) that we see in Figure 4.10 may be a product of the anomalously low SIC (high SIC

during La Nifia) driven by the process described above.

In terms of the seasonality of the ENSO signal in DML, its prevalence in austral summer
and autumn but not throughout the rest of the year is broadly consistent with the findings
of e.g. Yuan (2004), Okumura and Deser (2010), and Pope et al. (2017). These studies
identified that the teleconnection between ENSO and the Antarctic climate is at its strongest
during summer (Okumura and Deser, 2010; Yuan, 2004) when ENSO activity peaks, before
decaying further into winter. However, the impact of the teleconnection on sea ice has been
suggested to be strongest in autumn, when sea ice is expanding (Pope et al., 2017; Yuan,
2004), explaining the strong correlation we see between DML SIC and ENSO in autumn.
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One factor not investigated by this study was the covariance of ENSO with other modes
of climate variability. The influence of ENSO on SIC in West Antarctica is known to work in
tandem with the Southern Annular Mode (SAM), working to enhance or diminish the effects
of ENSO depending on its phase (Fogt and Bromwich, 2006; L’Heureux and Thompson,
2006; Zhou and Yu, 2004). Results in Figure 4.4 showed evidence of a SAM-like pattern
in the correlation between SIC and H500 geopotential height in JJA and DJF, suggesting
some SAM influence around DML. Further research is needed to determine whether ENSO
and SAM interact in this region, and work similarly as in West Antarctica to influence SIC

change.

4.4 Conclusions

To our knowledge, our study identifies the first clear link between ENSO and SIC in East
Antarctica in the Dronning Maud Land sector. Our results showed a strong negative linear
correlation between satellite-derived SIC and the Nifio 3.4 index in austral summer and
autumn persisting between 10 - 70°E, around the coast of Dronning Maud Land and Enderby
Land. Using ERAS reanalysis, we found that within this same region SIC is strongly
correlated with tropical Pacific SST, and to a wave train in SST and H500 bearing similarity
to the PSA-1 pattern, resulting in a strong correlation with H500 in the Weddell Sea. These
results suggest that an atmospheric wave train triggered by ENSO SST anomalies in the
Pacific alters North-South flow over DML, driving changes to local scale heat fluxes and

advection, and affecting the formation, melt, and transport of sea ice in the region.

These findings underscore the importance of atmospheric circulation in determining
Antarctic SIC, and suggest that the influence of ENSO on SIC is more extensive than
previously thought, extending into the East Antarctic region. Further research is needed
to identify the precise mechanisms by which these links occur, and how this tropical-polar

teleconnection may be affected by projected climate change.



Chapter 5

Sea ice modulates precipitation response
to large-scale climate variability across
East Antarctica

Chapter 5 explores the relationship between sea ice variability and precipitation across East
Antarctica. This chapter builds on the work presented in Chapters 3 and 4, which examined
the influence of climate variability on sea ice, by exploring whether this relationship also
occurs in the opposite direction, and how it changes around the entire East Antarctic coastline.
Section 1 adds to the broad review of sea ice and climate interactions given in Chapter 1,
providing a more in-depth summary of current knowledge around Antarctic precipitation
variability and its interactions with sea ice variability, along with the chapter aims. Results
are presented in Section 5.2, and discussed in Section 5.3. Section 5.4 details the main

conclusions of this study.

5.1 Introduction

There is increasing evidence that changes in Arctic sea ice distribution directly impact
precipitation in both the Arctic and at lower latitudes (e.g. Alexander et al., 2004; Bintanja
and Selten, 2014; Higgins and Cassano, 2009; Kopec et al., 2016; Liu et al., 2012; Screen,
2013). This has implications for accumulation rates over nearby glaciers and ice sheets,
and has been directly linked to the surface mass balance of the Greenland Ice Sheet (Deser
et al., 2000; Liu et al., 2012; Noel et al., 2014; Singarayer et al., 2006). Sea ice in the
Antarctic is projected to decrease in the future (IPCC, 2019), however little is known about



66 | Seaice modulates precipitation response to large-scale climate variability across East
Antarctica

how precipitation responds to sea ice change in the Southern Hemisphere, and how this
may in turn affect accumulation rates over the Antarctic Ice Sheet. Understanding these
relationships is particularly important around the East Antarctic Ice Sheet (EAIS), which
holds the equivalent of 53m of global sea level rise and which is demonstrating increasing

vulnerability to atmospheric forcing (Miles et al., 2013).

As the coldest and driest continent on Earth, Antarctica has a particularly low local
moisture flux, meaning that precipitation is largely dependent on the intrusion of moisture
transported from the Southern Ocean (Schlosser et al., 2004; Suzuki et al., 2008; Tietavainen
and Vihma, 2008). Antarctic precipitation is highest in austral winter (Tietavainen and Vihma,
2008), and experiences strong spatial variability, though this can broadly be separated into
two distinct regimes covering the coastal and continental regions. Precipitation in the coastal
regions of the continent is largely associated with synoptic scale weather (Marshall, 2009;
Marshall et al., 2017; Turner et al., 1995), and is often orographic, occurring when storm-
driven intrusions of moist maritime air are forced to rise up the steep slopes that flank most
of the East Antarctic coastline (Orr et al., 2008). In the interior of the continent, maritime
moisture intrusions are less frequent and annual precipitation is much lower (Marshall et al.,
2017), mostly occurring as very light but near-continuous ‘clear-sky’ precipitation (Casey
et al., 2014; Ekaykin et al., 2004; Fujita and Abe, 2006; Stenni et al., 2016; Walden et al.,
2003). When large weather systems are occasionally forced on to the plateau, they can
account for as much as 25% of the annual precipitation in a single event (Massom et al.,
2004). While the moisture for coastal precipitation is sourced primarily from the adjacent
part of the Southern Ocean south of 50°S (Delaygue et al., 2000; Noone and Simmonds,
2002), precipitation in the continental interior tends to be sourced from lower latitudes, a
product of moisture transported higher in the atmosphere in response to the topographic
barrier of the steep coastline (Delaygue et al., 2000; Sodemann and Stohl, 2009).

In the Arctic, the relationship between sea ice and precipitation is thought to be driven
primarily by the influence of sea ice on surface heat and moisture fluxes (Bintanja and Selten,
2014; Higgins and Cassano, 2009; Kopec et al., 2016; Liu et al., 2012). A reduction in sea
ice means reduced surface albedo, and an increase in the amount of open water at the surface,
which increases the transfer of heat and moisture from the ocean to atmosphere (Alexander
et al., 2004; Bhatt et al., 2008; Rinke et al., 2013). As a result, a reduction in sea ice leads to
a rise in near surface air temperatures (e.g. Screen and Simmonds, 2010; Serreze et al., 2009)
and a significant increase in evaporation rates, both increasing atmospheric moisture content
and thus precipitation (Alexander et al., 2004; Barry and Serreze, 2000; Bintanja et al., 2011;
Bintanja and Selten, 2014; Higgins and Cassano, 2009; Kopec et al., 2016).
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Sea ice is additionally thought to drive changes in precipitation via an influence on
atmospheric circulation and synoptic scale weather systems. In changing surface heat fluxes
and thus the temperature gradient between the pole and the lower latitude, a reduction in sea
ice is thought to induce a poleward shift of the jet stream/circumpolar storm track (Orme
et al., 2017; Screen, 2013). At a smaller scale Mesquita et al. (2011) and Brayshaw et al.
(2009) have also suggested that sea ice-driven changes in surface heat fluxes alter atmospheric
stability and baroclinicity, which then impact precipitation.

Several studies have connected this relationship between sea ice and precipitation to
changes in ice sheet mass balance. Bintanja and Selten (2014), Deser et al. (2000), Liu et al.
(2012), Noel et al. (2014), and Singarayer et al. (2006) all showed that a loss of Arctic sea
ice can be translated into an increase in precipitation (and therefore accumulation) over the
Greenland Ice Sheet, with Noel et al. (2014) explicitly linking this to changes in the surface

mass balance of the Greenland Ice Sheet.

In the Antarctic, there has been comparatively little research on the impacts of recent sea
ice variability on precipitation at an interannual or interdecadal scale. Most of the studies
are model-based, looking either at future projections of sea ice loss (Krinner et al., 2007,
Lenaerts et al., 2016; Watkins and Simmonds, 1995; Weatherly, 2004), or at past variability
in sea ice at a timescale of thousands of years (Fyke et al., 2017). Studies by Wang et al.
(2020) and Sodemann and Stohl (2009) also found links between Antarctic sea ice and
precipitation through the use of water source tracing. The majority of these studies suggest
that changes in sea ice around Antarctica are associated with changes in precipitation. Noone
and Simmonds (2004) and Lenaerts et al. (2016) suggested that this association is due to
the influence of sea ice on evaporation rates over the Southern Ocean, while Krinner et al.
(2007) suggested that it is driven by the influence of sea ice on storm tracks and atmospheric
dynamics around Antarctica. In contrast, Fyke et al. (2017) suggested that the association
between precipitation and sea ice may instead be driven by both variables simultaneously

being influenced by large-scale climate variability.

In this chapter, I aim to explore the relationship between East Antarctic SIC and precipi-
tation variability in the more recent past by examining the observation-derived satellite sea
ice record and atmospheric reanalysis data from the past four decades. I achieve this through
correlation and composite analysis of seasonal HadISST sea ice concentration and ERAS
precipitation, evaporation, meridional moisture flux, and 500hPa geopotential height, over
the period 1979-2018. Section 2 displays and describes the results of this analysis, including
the correlation between sea ice and precipitation. Section 3 discusses possible drivers of this

correlation, and situates these findings in the context of previous studies.
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5.2 Results

SIC around the coast of East Antarctica is strongly correlated with precipitation, evaporation,
northward moisture flux, and 500hPa geopotential height (H500), in both large-scale patterns
around the continent, as well as on smaller local scales. These associations were examined at
annual, seasonal, monthly, and daily timescales. The relationships were strongest at a monthly
and seasonal scale with no lag over austral winter and early spring, encompassing the period
of July-August-September (JAS). The results described below are for this timescale and
period only, and have been separated into local-scale correlations (Section 2.1), large-scale
correlations (Section 2.2), and composite analysis (Section 2.3).

5.2.1 Localised correlations

Figure 5.1 shows that JAS SIC averaged across sectors of 10 degrees, for the ocean area
south of 50°S, was strongly and inversely correlated with total precipitation within each
given sector around East Antarctica. Inverse correlations were strongest over the sea ice
zone in, and immediately adjacent to, each sector, between the coastline and 60°S. The
correlation was strongest and most spatially extensive for sea ice between 0-20°E (Figure
5.1a,b), 60-90°E (Figure 5.1g-j) and 150-180°E (Figure 5.1p-r). The correlation extended
onto the coast for the majority of sectors, but most extensively with SIC between 80-110°E
(Figure 5.1i-1), in some places reaching as far south as 80°S. In these sea ice sectors, SIC
was more strongly correlated with precipitation in inland regions 20 degrees to the east of

each sector over the East Antarctic Ice Sheet than within the sea ice sector itself.

SIC in each sector was also positively correlated with northward moisture flux and
inversely correlated with evaporation, showing that high SIC was associated with reduced
evaporation and enhanced northward transport of moisture over each given sea ice sector
(Figures 5.2 and 5.3). The correlations with northward moisture flux within each sector had
largely the same pattern as with precipitation. These were strongest in the sea ice sectors
between 60-110°E and 150-180°E, with a correlation coefficient reaching 0.6 (Figure 5.2g-1).
In most sectors, the correlation was strongest over the ocean, however, SIC in the regions
between 20-50 and 90-110 was most strongly correlated with northward moisture flux on the
inland portion of the sector (Figures 5.22c-f and 5.2j-1, respectively).

Additionally, all SIC sectors had inverse correlations with H500 centred immediately to
the east of each given sector and positive correlations with H500 to the west (Figure 5.4).
These correlations were strongest at 70-80°E (Figure 5.4h,j) and 150-170°E (Figure 5.4p-r),
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Fig. 5.1 Correlation between ERAS July-August-September total precipitation and average HadISST
sea ice concentration for the same season in latitudes south of 50°S, and in 10° sectors of longitude
between 0-180°E (a-r) around the coast of East Antarctica over 1979-2018. Sea ice sector boundaries
are outlined in red. All correlations shown are significant at the 5% level.

where the coefficient of correlation reached -0.5 in the inverse cases, and 0.5 in the positive
cases. This pattern corresponds to southerly airflow over the sea ice zone when SIC is high,

and northerly airflow when SIC is low.

Correlations between SIC and localised evaporation were spatially different than those
with precipitation and northward moisture flux. Each SIC sector was positively correlated
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Fig. 5.2 Correlation between ERAS July-August-September average northward water vapor flux and
average HadISST sea ice concentration for the same season in latitudes south of 50°S, and in 10°
sectors of longitude between 0-180°E (a-r) around the coast of East Antarctica over 1979-2018. Sea
ice sector boundaries are outlined in black. All correlations shown are significant at the 5% level.

with evaporation only in a narrow band around the approximate ice edge (Figure 5.3). This
correlation was strongest and most spatially extensive between 0-50°E, with a correlation
coefficient reaching 0.8 (Figure 5.3a-f). Between 0-80°E (Figure 5.3a-i) and 160-180°E
(Figure 5.3p-r), SIC was negatively correlated with evaporation (with correlation coefficient
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A1

Fig. 5.3 Correlation between ERAS July-August-September total evaporation and HadISST average
sea ice concentration for the same season in latitudes south of 50°S, and in 10° sectors of longitude
between 0 - 180°E (a-r) around the coast of East Antarctica over 1979-2018. Sea ice sector boundaries
are outlined in black. All correlations shown are significant at the 5% level. Note that negative values
for the ERAS evaporation data indicate evaporation, while positive values indicate condensation.

reaching -0.6) in a zone immediately to the northeast of the sector boundary and the zone of

positive correlation.
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Fig. 5.4 Correlation between ERAS July-August-September mean 500hPa geopotential height and
average HadISST sea ice concentration for the same season in latitudes south of 50°S, and in 10°
sectors of longitude between 0-180°E (a-r) around the coast of East Antarctica over 1979-2018. Red
contour lines denote positive correlation, blue lines denote negative correlation. Contour intervals are
0.1 throughout. Sea ice sector boundaries are outlined in black.

5.2.2 Larger scale correlation

Around much of East Antarctica, SIC was also correlated with larger-scale patterns in each
of the other variables across the continent and around the Southern Ocean, with resemblances

to both the Southern Annular Mode and a zonal wave-3 pattern.
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SIC between 60-90°E and 150-180°E displayed a clear wave-3 pattern of alternating zones
of positive and negative correlation with precipitation, northward moisture flux, evaporation,
and H500 around the continent between 40-60°S (Figures 5.1-5.41-4, subfigures g-j and p-r
for each). This pattern consisted of centres of correlation (negative for precipitation and
evaporation, positive for northward moisture flux) directly south of Africa (50°E) and South
America (100°W), and within the sea ice sector itself, each separated by a zone of correlation
of the opposite sign. The pattern of correlation between SIC and H500 matched this same
zonal wave-3 distribution but was longitudinally offset, so that the centres of correlation
with each of the other climate variables were situated in the middle of two opposing centres
of correlation with H500 (reaching r=0.5 and r=-0.5). This implies the SIC anomalies are
most strongly correlated with meridional flow between the H500 centres, where positive SIC

anomalies are beneath southerly flow and negative beneath northerly.

Between 90-120°E, SIC was correlated with a pattern in H500 resembling a positive
phase of the Southern Annular Mode (SAM; Figure 5.4j-1). This pattern consisted of an
inverse correlation with H500 over the Antarctic continent (reaching r=-0.4), and a positive
correlation with H500 around the continent over the Southern Ocean. In these same sectors,
SIC was inversely correlated with precipitation over the continental interior in, and to the west
of, the sea ice zone between 40-100°E (reaching r=-0.6, Figure 5.1j-1), and with evaporation
across the entire Antarctic plateau (reaching r=-0.5, Figure 5.3j-1). Accompanying this was
a positive correlation with northward moisture flux in roughly the same position as the

correlation with precipitation (reaching r=0.6, Figure 5.2j-1).

5.2.3 Composite analysis

To more closely examine causality in the relationship between sea ice, circulation, and
Antarctic precipitation, composite analysis was undertaken and is displayed in Figure 5.5.
Figure 5.5 (Column 1) shows that during periods where mean meridional moisture transport
in a given sector is southward, there is a band extending north-south of positive anomalous
precipitation across the entire oceanic portion of each sector. This is accompanied by two
longitudinal bands of negative precipitation anomaly to the east and west of the positive
anomaly, and covering a similarly sized area (between 20-30 degrees of longitude). When
these periods coincide with anomalously high SIC within each sector, positive anomalous
precipitation occurs only north of the approximate sea ice edge (Figure 5.5, Column 2).
When periods of southward meridional moisture transport occur when SIC is anomalously
low, the positive precipitation anomaly extends further southward to the coastline, and further
inland (Figure 5.5, Column 3).
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Fig. 5.5 ERAS total JAS precipitation anomaly averaged for periods with mean southward moisture
transport over the same 10-degree sea ice sectors described in Figures 5.1-5.4 (but only between
60-120°E) shown in Column 1. Columns 2 and 3 show average total JAS precipitation anomaly over
the same sectors, for periods with mean southward moisture transport and SIC in the same sectors
is in the upper quartile (Column 2) or lower quartile (Column 3). Sector boundaries are outlined in
black. Composites in Columns 1, 2, and 3 have 1200, 350, 470 members, respectively.
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5.3 Discussion

The analysis presented in Section 5.2 identifies a strong correlation between SIC and precipi-
tation around the Southern Ocean and Antarctic continent. The results suggest that this link
is driven by a combination of the influence of SIC on surface heat and moisture fluxes, and

large-scale climate variability.

At a local scale, within each SIC sector around East Antarctica winter SIC was inversely
correlated with local precipitation and evaporation and positively correlated with northward
moisture flux. SIC was also significantly and positively correlated with geopotential height
anomalies associated with meridional air flow over the sea ice zone. These findings support
the idea that changes in SIC influence local precipitation via associated changes in surface
heat and moisture fluxes. Figure 5.3 suggests that a reduction in SIC is associated with
an increase in evaporation particularly around the average sea ice edge, and most strongly
between 0-50°E. This pattern of correlation at the sea ice edge matches the pattern described
by Wang et al. (2020) and reflects the strong variability in SIC at the ice edge comparative to
the rest of the sea ice zone. Changes to surface evaporation and warming over the edge of the
sea ice zone contribute to an increased atmospheric moisture availability for precipitation,

thus driving a negative correlation between SIC and precipitation.

The reasons for the particular strength of the SIC-evaporation correlation in the sea ice
sectors between 0-50°E remain unclear. Wang et al. (2020) also noted a particularly strong
evaporation response to sea ice changes in this region, so it is unlikely to be due to error
in the analysis or data. The sea ice in this region is particularly extensive, and experiences
significantly more variability than the rest of East Antarctica (Raphael and Hobbs, 2014).
It is possible that this heightened variability provides greater opportunity for a response in

evaporation, driving a stronger correlation between the two.

The extension of the correlation between SIC and precipitation across the rest of the
sea ice zone and into coastal Antarctica likely stems from the relationship between SIC and
meridional circulation anomalies. Anomalously low SIC is often accompanied and driven by
enhanced northerly flow, and high SIC by southerly flow (Holland and Kwok, 2012; Renwick
et al., 2012; Simpkins et al., 2012), as evidenced in Figure 5.4. Enhanced northerly flow
would also act to transport the anomalous atmospheric moisture southward from the ice
edge to coastal Antarctica, driving increases in precipitation across the sea ice zone. This
effect would be especially strong in winter, when storm tracks are most active and tend to
drive the highest amounts of precipitation (Tietavainen and Vihma, 2008), explaining why

the SIC-precipitation relationships in this study are strongest in winter. The particularly
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strong correlation between SIC and precipitation at the coastline is likely due to the steep
terrain of the East Antarctic coast, which drives orographic precipitation as the southward
moving warm moist air is forced to rapidly rise (Delaygue et al., 2000; Orr et al., 2008).
These findings agree with those of previous studies on Arctic sea ice (e.g. Alexander et al.,
2004; Barry and Serreze, 2000; Bintanja et al., 2011; Bintanja and Selten, 2014; Higgins
and Cassano, 2009; Kopec et al., 2016), and suggestions by a small number of studies on
Antarctic sea ice (Lenaerts et al., 2016; Noone and Simmonds, 2004; Wang et al., 2020;
Weatherly, 2004) that a reduction in sea ice drives an increase in surface heat fluxes, due to

the exposure of the comparatively warmer open ocean, and vice versa.

The correlation between SIC and precipitation could also be the result of precipitation
variability driving changes in SIC. However, research shows that enhanced snowfall generally
results in an increase in Antarctic SIC, by positively affecting sea ice growth and reducing
surface melt through changes to surface albedo, insulation of sea ice, and by promoting
surface flooding and refreezing (Fichefet and Maqueda, 1999; Stammerjohn et al., 2011;
Turner et al., 2015). Because the correlation between SIC and precipitation in this study is
negative, where increased precipitation is associated with decreased SIC, any influence of
precipitation on sea ice is likely to be minimal in comparison to other mechanisms linking
the two variables.

The idea that SIC may be thermodynamically driving changes in precipitation does not,
however, account for the significant correlations between SIC and precipitation, evaporation,
northward moisture flux, and geopotential height in more distant regions around Antarctica.
Sodemann and Stohl (2009) and Wang et al. (2020) show that the moisture for Antarctic
precipitation over the Southern Ocean and coastal regions of the continent tends to have a
localised oceanic source. It is therefore unlikely that changes in SIC around East Antarctica
could be thermodynamically affecting precipitation in parts of West Antarctica. This suggests
that these links could be a product of large-scale circulation variability affecting both SIC and
precipitation across Antarctica in tandem. There are many examples of patterns of climate
variability such as the Southern Annular Mode (SAM; e.g. Hall and Visbeck, 2002; Lefebvre
et al., 2004; Marshall et al., 2017) and EI Nifio Southern Oscillation (ENSO; e.g. Bromwich
et al., 2000; Isaacs et al., 2021; Yuan, 2004) affecting both sea ice and precipitation around

Antarctica, through their alteration to both the atmosphere and ocean.

In this study, the correlation between SIC at 60-90°E and 150-180°E with precipitation
showed a clear zonal wave-3 pattern, with three alternating positive and negative centres
of correlation in the Southern Ocean around Antarctica (Figure 5.1g-f,p-r). The wave-3

pattern was also visible in correlations between SIC and evaporation (Figure 5.3g-f,p-1),
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northward moisture flux (Figure 5.2g-f,p-r), and H500. These findings suggest that since the
zonal wave-3 pattern in atmospheric circulation is associated with changes to meridional
flow (as described in Raphael, 2007), it affects meridional moisture/heat transport, SIC,
evaporation and precipitation. This supports previous findings that zonal wave-3 drives
changes in sea ice (Raphael, 2007; Yuan and Li, 2008) and the suggestion by Fyke et al.
(2017) of a zonal wave-3 signature in Antarctic precipitation. As a consequence, these
findings suggest that the correlation between much of East Antarctic SIC and precipitation
could be due to both variables covarying in response to zonal wave-3 variability in large-scale

atmospheric circulation, as opposed to changes in SIC driving change in precipitation.

The correlation of SIC with precipitation in the continental interior may also be the
product of a joint response to large-scale atmospheric variability in the form of the SAM.
SIC between 90-120°E was strongly correlated with a SAM-like pattern in the H500 field,
composed of a negative anomaly over the continent and a positive anomaly surrounding it
(Figure 5.4j-1). This same area of sea ice was also the only area which had a strong correlation
with precipitation and northward moisture flux over the continental interior (Figures 5.1j-
1 & 5.2j-1), along with an inverse correlation with evaporation over the entire Antarctic
plateau (Figure 5.3j-1). The relationship between Antarctic SIC and the SAM has been
well-documented (and is described in detail in Chapter 1 of this thesis), and often consists of
an increase in sea ice in response to the enhanced katabatic winds associated with a negative
phase of the SAM (Holland et al., 2017; Lefebvre et al., 2004; Stammerjohn et al., 2008).
Several studies have also identified a link between the SAM and Antarctic precipitation,
where the strengthened katabatic winds and increased zonal flow around Antarctica associated
with a positive SAM phase reduce maritime moisture intrusions, thereby reducing continental
precipitation (Marshall et al., 2017; Silvestri and Vera, 2009). As with the relationship with
zonal wave-3, it is therefore a possibility that the correlation between SIC and precipitation
in these sectors (between 90-120°E) is driven not by SIC influencing precipitation, but by a
shared correlation with the SAM.

The results shown in Figure 5.5 suggest that a combination of both mechanisms, large-
scale climate variability and sea ice forcing, is responsible for the correlation between SIC
and precipitation, and more specifically that the response of Antarctic coastal precipitation
to large-scale climate variability is modulated by SIC. Figure 5.5 shows that when the
mean meridional moisture flux is southward, there is a strong positive precipitation anomaly.
This precipitation anomaly shifts in strength and extent depending on the average SIC,
strengthening and extending inland from the coast when SIC is low (Figure 5.5), and only
extending as far south as the sea ice edge when SIC is high (Figure 5.5). This supports

the assertion by Wang et al. (2020) that positive evaporation anomalies in the Southern
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Ocean only drive an increase to precipitation over the continent if there is a strong southward

meridional moisture flux over the region.

The findings described here assert that similarly, large-scale southward moisture transport
only translates into coastal precipitation with the addition of anomalous atmospheric moisture
from lower than usual SIC in the adjoining ocean. I suggest therefore that the correlation
between SIC and Antarctic precipitation over the sea ice zone and further inland is due
to both large-scale circulation variability and to the localised effect of sea ice changes on
precipitation. This new conclusion supports aspects of studies such as Lenaerts et al. (2016)
and Krinner et al. (2007) which suggest that SIC drives changes in precipitation, as well
as the findings of Fyke et al. (2017) that this relationship is actually driven by a shared
correlation with atmospheric variability.

5.4 Conclusions

This study constitutes the first direct analysis of the relationship between recent sea ice
variability and precipitation in the Southern Hemisphere, and presents evidence that Southern
Hemisphere SIC variability is associated with changes in Antarctic precipitation. In this
chapter, I examined the relationship between recent East Antarctic SIC variability and
precipitation, using the 40-year satellite sea ice record and ERAS reanalysis data over the
period from 1979-2018. Correlation analysis revealed a strong inverse association between
seasonal SIC and precipitation in the austral winter and early spring around the majority
of the East Antarctic, as well as strong correlations with evaporation, northward moisture
flux, and 500hPa geopotential height. These associations occurred both locally and at a
larger scale, with clear zonal wave-3 and SAM patterns visible in all correlations around
certain sectors of East Antarctica. These patterns suggested that the relationship between
SIC and precipitation may be influenced by a shared correlation with large-scale atmospheric
variability. However, composite analysis showed that the response of precipitation to climate
variability is dependent on SIC, leading to the conclusion that Antarctic precipitation is

influenced by both SIC and climate variability.

These findings highlight the complex interplay between sea ice and climate in East
Antarctica, and the important role that sea ice variability plays in driving changes to regional
climate. As sea ice is projected to experience a strong decline in the future in response to
anthropogenic climate change, these findings have implications for the future of precipitation
over the Southern Ocean and the Antarctic continent. Given the role that precipitation plays

in determining ice sheet surface mass balance, more research is needed to investigate the
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potential consequences of this relationship on the mass balance of the Antarctic Ice Sheet, as
has been done for the Arctic.






Chapter 6
Synthesis and conclusions

The overarching aim of this thesis was to investigate the relationships between climate
variability and sea ice around East Antarctica, the spatial variability in these relationships,
and the impacts that these may have on other aspects of the climate and cryosphere. This
aim was motivated by a gap in the knowledge of sea-ice-climate relationships around East
Antarctica in comparison to other sea ice regions (such as West Antarctica), despite growing
awareness of the vulnerability of the East Antarctic region to climate change. I addressed
this research aim through statistical analysis of the satellite-derived sea ice record, and
atmospheric reanalysis data for the period between 1979-2018. The first two research
chapters (Chapters 3 & 4) addressed the impact of climate variability on different parts of
East Antarctica. The final research chapter (Chapter 5) explored the influence of sea ice
on climate at a broader scale, by examining its relationship with precipitation around the
entire East Antarctic. In this concluding chapter I summarise the key findings of my research,
discuss their contribution to scientific knowledge, and outline the possible future avenues of

research that they make possible.

6.1 Summary

6.1.1 SAM and IOD influence sea ice variability around Western Pa-

cific sector of East Antarctica

The results presented in Chapter 3 confirm and extend previous findings (e.g. Nuncio and
Yuan, 2015) of a teleconnection between sea ice around Wilkes Land and SST variability in

the equatorial Indian Ocean. While previous studies have examined this teleconnection in
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austral spring only, the results presented in this thesis suggest that this link is present in austral
summer and winter as well. During winter, spring, and summer, a significant correlation was
observed between the DMI IOD index, and SIC around Wilkes Land (Figure 3.4). Further
correlation analysis showed that SIC was also correlated with a wave train within the 500
hPa geopotential height field, linking Wilkes Land to the tropical Indian Ocean (Figure
3.5). Significant correlations were also observed between the IOD and southerly winds,
northward heat transport and low air temperatures (Figure 3.6). These findings suggest that
IOD-associated atmospheric variability triggers an atmospheric wave train which propagates
polewards from the tropics to Wilkes Land, altering regional circulation and in turn affecting

SIC through changes to local climate and sea ice transport.

There was also a significant correlation between sea ice in the broader Western Pacific
sector and the SAM, which was for the most part positive (i.e. a positive SAM phase is
associated with higher SIC and vice versa), though around George V Land this correlation
was negative in winter and spring (Figure 3.7). Further correlation and composite analysis
with ERAS reanalysis revealed strong associations between the SAM and local-scale katabatic
winds, T2M, NthHF, and sea ice motion (Figure 3.8). The results suggest that the inverse
SAM-SIC association around George V Land in winter and spring may be due to the
enhanced katabatic winds associated with a negative SAM phase, which in turn influence
sea ice production and transport in wind-driven coastal polynyas. The shift to a weak
positive correlation in this same region in summer and autumn may be the result of decreased
importance of polynyas to SIC during summer and autumn when SIC in the WPS tends to be
at its minimum. However, the summer correlations may also be less physically meaningful
due to the small amount of sea ice that remains in the WPS through summer. These results
highlight that the effects of SAM variability on sea ice around East Antarctica are strongly

spatially variable, as a result of interactions with different local climates and landscapes.

Despite sea ice in the same region of the WPS being correlated with both the SAM and the
IOD, no clear evidence of interactions between the two climate modes was found. Composite
analysis, however, suggested that the response of SIC to each phase of one climate mode was
altered depending on the phase of the other, with the strongest SIC response elucidated when

the modes were out of phase with one another.
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6.1.2 ENSO modulates summer and autumn SIC around Dronning
Maud Land

The results presented in Chapter 4 show, for the first time, a clear link between ENSO and
SIC variability in East Antarctica, around Dronning Maud Land. There was an inverse linear
correlation between the Nifio 3.4 index and SIC between Dronning Maud Land and Enderby
Land in summer and autumn (Figure 4.2). SIC in this region around Dronning Maud Land
was also inversely correlated with local-scale climate variables, such as local T2M, SST, and
northerly air flow (Figure 4.4). Dronning Maud Land SIC was also significantly correlated
with SST in the equatorial Pacific Ocean during the same period, as well as with a wave train
in the H500 field, extending from the South Pacific into Dronning Maud Land in a pattern
that resembled the PSA-1 pattern (e.g. Karoly, 1989; Mo and Higgins, 1998; Mo and Paegle,
2001). Further analysis identified significant correlations between SIC and both meridional

heat flux and sea ice motion around DML.

These findings suggest that ENSO-associated tropical SST anomalies excite the poleward
propagation of an atmospheric Rossby wave train, which alters regional circulation around
Antarctica into DML, in turn affecting local scale heat fluxes and advection. These changes
can affect the formation, melt and transport of sea ice around DML, causing a covariance
between SIC and ENSO. This mechanism is similar to that proposed by Renwick (2002),
Yuan (2004), Liu et al. (2002) and Kwok and Comiso (2002), which have identified links
between ENSO and SIC in West Antarctica. The findings in this thesis suggest that the
impacts of ENSO extend further around the continent into East Antarctica. The results
highlight the importance of climate variability and tropical teleconnections as drivers of
interannual sea ice variability, and suggest that the influence of ENSO on SIC is more

extensive than previously thought.

6.1.3 SIC modulates precipitation response to climate variability

Building on the findings in Chapters 3 and 4, that East Antarctic SIC is influenced by climate
variability, Chapter 5 considered whether changes in SIC also influenced changes in climate
by examining the relationship of SIC with precipitation around the entire East Antarctic
coast. This constitutes the first direct analysis of the relationship between recent Antarctic
SIC variability and precipitation using observed sea ice data. A significant correlation was
observed between SIC variability around East Antarctica and precipitation variability across

the continent and the Southern Ocean.
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The SIC-precipitation correlation was temporally and spatially variable, occurring with
the greatest strength in austral winter and early spring, between July and September (Figure
5.1). SIC within any given sector was inversely correlated with localised precipitation,
accompanied by strong correlations with northward moisture flux, evaporation, and 500
hPa geopotential height (Figures 5.2, 5.3, and 5.4 respectively). SIC in many sectors was
also correlated with larger-scale atmospheric circulation, including clear ZW3 and SAM
patterns in correlations with all climate variables considered here. The relative influence of
each of these two modes varied around the coastline, often changing from a ZW3-dominant
pattern to a SAM pattern over the space of only 20 degrees of longitude. While these
results are to be expected from the zonally-asymmetric ZW3 pattern (e.g. Raphael, 2004; van
Loon and Jenne, 1972), they are less so with the typically annular SAM pattern (e.g. Fyfe,
2003; Marshall, 2007; Thompson and Wallace, 2000). This could be explained, however, by
findings of studies such as Fogt et al. (2012a), who showed that the SAM experiences some
zonal asymmetry in austral winter and spring, related to variability in jet stream entrance
and exit regions. This zonal asymmetry could then cause the SAM to drive SIC changes in
some regions but not others. These findings reiterate the need for future studies to consider

SIC-climate relationships at small spatial scales.

The results showed that SIC appeared to modulate the precipitation response to climate
variability. Composite analysis showed different responses in precipitation for periods when
the mean meridional moisture flux over a given sector was southward, and when SIC in
that sector was either anomalously high or anomalously low. The positive precipitation
anomalies that accompanied southward moisture flux extended further inland when SIC was
anomalously low, and stopped at the average sea ice edge when SIC was anomalously high.
Previous studies of SIC-precipitation relationships at much longer timescales, or in modelled
projections, have suggested that the relationship is driven either by the direct influence of
SIC on precipitation (Krinner et al., 2007; Lenaerts et al., 2016), or by large-scale climate
variability driving changes in both variables, causing them to co-vary (Fyke et al., 2017).
The findings in this chapter present evidence that the relationship is driven by a combination
of these factors i.e. that SIC and precipitation co-vary in response to large-scale atmospheric
forcing, but that the precipitation response to atmospheric forcing is also modulated by
localised SIC.
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6.2 Synthesis

The influence of large-scale climate variability on East Antarctic sea ice can be broadly
split into two categories: tropical teleconnections (ENSO and the IOD), and extra-tropical
patterns of variability in circumpolar circulation (ZW3 and SAM). Tropical teleconnections
affect sea ice around Dronning Maud Land (affected by ENSO) and the Western Pacific
sector (affected by the IOD) as a result of atmospheric Rossby waves propagating poleward
from SST anomalies in the tropics (Pacific Ocean for ENSO, Indian Ocean for IOD), and
perturbing regional circulation around Antarctica. The IOD and ENSO only affect sea ice at
locations where perturbation of regional flow by wave trains results in anomalous meridional
flow (for example on either side of an atmospheric pressure anomaly) over the sea ice zone,
which affects air temperatures, sea ice transport, and thus sea ice concentration. Dronning
Maud Land, for example, is affected by an ENSO-associated wave train that propagates
from the Pacific to Antarctica, driving a sequence of anomalous high and low pressure
centres clockwise around West Antarctica and extending into Dronning Maud Land, before
dissipating. The configuration of the high and low pressure centres produces anomalous
meridional flow over DML, driving changes to SIC. Similarly, the Western Pacific sector is
the location at which the southward-propagating wave train associated with the IOD reaches
Antarctica, the configuration of which drives anomalous meridional flow over Wilkes Land,
which in turn affects SIC.

ZW3 and the SAM, in contrast to the tropical teleconnections, are patterns of variability
in the circumpolar circulation, and have a broader influence on SIC around the East Antarctic
coastline. ZW3 introduces asymmetries to the zonal flow around Antarctica, increasing the
meridional component of the circumpolar circulation. SIC is affected by ZW3 wherever this
perturbation of the circumpolar circulation results in increased meridional flow over the sea
ice zone, which occurs in less fixed locations than with the ENSO and IOD associated wave
trains. The SAM is a measure of the strength of zonal flow around Antarctica, and of changes
in the strength and position of the circumpolar westerlies. The SAM affects sea ice around
much of the East Antarctic coastline, although its impact is still very spatially variable, often
inducing completely different responses in regions of sea ice only 20 degrees of longitude
apart. My results show that these differing responses are likely driven by interaction between
large-scale SAM variability in circulation and local climate and cryospheric features in each
location, such as polynyas and katabatic winds. In Oates Land for example, my results
suggest that the SAM may influence SIC via its impact on coastal polynya size and sea
ice production, which drive SIC variability by affecting sea ice formation and northward
transport.
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SIC variability around East Antarctica also modulates the response of regional climate
over the continent to large-scale modes of climate variability such as ZW3. It is shown that
precipitation over the inland coastal regions of Antarctica in response to regional climate
variability changed in response to SIC variability. Specifically, increased southward moisture
flux was only associated with increased precipitation in the inland coastal regions of the
continent when SIC was anomalously low, and therefore moisture evaporating from the open
ocean had a shorter distance to travel before reaching the continent. This finding implies that
any changes in sea ice could result in changes to the relationship between climate variability

and precipitation in Antarctica.

6.3 Contributions and Future Directions

The findings in this thesis make a clear and significant contribution to scientific knowledge of
sea-ice-climate relationships around East Antarctica. My results expand understanding of the
role that ENSO, IOD, SAM and ZW3 play in the variability of sea ice concentration in the
East Antarctic region. This includes identifying climate-sea-ice links in regions and seasons
than have previously been discussed in conjunction with climate variability. In particular, the
findings in this thesis highlight the large regional variation in the relationships between sea
ice and climate around East Antarctica, and underscore the importance of considering future
changes in sea ice at a regional and local, rather than continental, scale. This knowledge
can be used to improve the parameterisation of sea ice models by more, and thus reduce

associated uncertainty in broader climate and earth system models.

Future research could build on the results in this thesis by exploring the sea-ice-climate
relationships in the Western Pacific sector and Dronning Maud land at a smaller scale,
using higher resolution data from regional model outputs such as RACMO or the Antarc-
tic Mesoscale Prediction System (AMPS), along with higher-resolution Sentinel satellite

imagery.

This could include an exploration on the combined effect of different climate modes on
sea ice, such as that between the IOD and the SAM on SIC in the Western Pacific sector
(Chapter 3). Future work should examine whether SIC modulates the influence of climate
variability on heat transport and air temperatures over the ice sheet, as it does with moisture

variability and precipitation.

In particular, there is a pressing need for future research to address how the climate-sea

ice relationships discussed in this thesis may be affected by projected climate change. Will
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these relationships still function in a similar way in the coming decades and centuries? Or
will they change in response to changes in other components of the climate and cryosphere?
These questions could be explored through a similar analysis approach to this thesis, but

using GCM projections forced with a range of different emissions scenarios.

These questions are relevant when considered alongside the evidence presented in this
thesis that sea ice may modulate the effect of climate variability on precipitation over
the Antarctic continent. Estimated projections of SIC around Antarctica show a marked
decrease in response to anthropogenic climate change. The findings of this study suggest that
this sea ice decrease may result in greater coupling of climate variability with continental
precipitation. This possibility has wide reaching implications, because of the impact that
changes in precipitation have on the mass balance of the East Antarctic Ice Sheet (EAIS; e.g.
Boening et al., 2012; Massom et al., 2004). Future work should assess the direct impacts
of recent SIC variability and change on the surface mass balance of the EAIS. The EAIS
holds the equivalent of 53m of potential sea level rise, and there is growing awareness
of its potential mass loss in response to climate change (e.g. Golledge et al., 2017; Shen
et al., 2018). This future work could therefore provide important insight into whether future

changes in Antarctic sea ice could have much broader consequences for global sea level.
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