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Abstract

In the last two decades, satellite altimetry has given the scientific community an un-
precedented amount of data, which has substantially increased our understanding
of the rate of change of ice surface height (dH/dt) over glaciated regions. This can
be attributed to better spatial and temporal coverage of polar regions and the in-
creased accuracy of laser and radar satellite altimeters. This accuracy is dependent
on minimising errors and reducing the uncertainties of estimates of dH/dt, which are
derived from ice height measurements. There are a number of different factors that
contribute to the overall uncertainty budget. In this thesis, an alternative method
to crossover and along-track analysis is proposed and is applied to (ICESat) height
measurements. A new method of estimating surface slope at crossovers is presented
and used in conjunction with the newly proposed along-track method. Particu-
lar emphasis is placed on the formal propagation of interpolation uncertainty and
surface topography bias, which is often given little attention in the literature. The
proposed methods are tested using a number of simulated datasets for Enderby Land
and surrounds in Antarctica. The simulated datasets are derived from ICESat data,
with different levels of spatially correlated noise applied to each, dependent on re-
gionally specific ice velocities. Both the error (the difference between simulated and
estimated dH/dt) and the uncertainty (a function of the interpolation distance and
surface slope) are derived. It was found that the formally propagated uncertainty
made a good approximation of the error and both the crossover and along-track
methods were found to have the lowest uncertainty and error when using Green’s
function spline interpolation. The errors and uncertainties due to interpolation
were an order of magnitude smaller than those obtained from the slope correction

method. The overall uncertainty was found to be approximately 50% of the ICESat
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single-shot uncertainty budget, showing the relative importance of including these
often overlooked contributors in the final uncertainty budget of ice height rate es-
timates from altimetry data. The proposed methods were then applied to actual
ICESat data over part of East Antarctica, including Enderby, Kemp, MacRobertson
and part of Dronning Maud Lands. The dH/dt results for the study site generally
showed an increase in the rate of change of ice surface height. Although most of
the study site was gaining height, there were some regions with negative dH/dt es-
timates, such as directly behind the grounding line of the Amery Ice Shelf. These
negative rates tend to have little impact on the overall estimates of dH/dt, as they
are localised to very small regions. The positive rate of height change in the inte-
rior was found to be statistically significant, especially near Dronning Maud Land.
The uncertainties calculated for this study do not include the ICESat single-shot
uncertainty budget, as the focus of the study was the uncertainty contributions of
interpolation and surface slope bias. The combination of all of these uncertainties
would decrease the significance of the inland signal, however the large number of
positive dH/dt estimates found in the interior does suggest that the ice height sur-
face is increasing for this region, implying a positive mass balance change may be

occurring in the interior of East Antarctica.
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1.1 A) The ice-equivalent eustatic sea level (ESL) curve over the last
glacial-interglacial cycle from analysis of Waelbroeck et al. (2002).
The black line represents the median estimate over time and the grey
bar defines the estimate of error. The red line represents the ICE-5G
(VM2) model prediction of relative sea level (RSL) rise for the island
of Barbados in the Caribbean Sea, for both Figures (A) and (B). The
ICE-5G prediction of ice-equivalent ESL rise is depicted as a step-
continuous brown line for both Figures (A) and (B). The two curves
are similar, suggesting that for this location the model is a good ap-
proximation of the ESL history. The blue points denote individual
coral-based estimates of RSL. The associated error bars are dependent
upon the coral species. Shorter error bars are derived from the Acro-
pora palmata species. These provide the tightest constraints upon
RSL as this species is found to live within ~5 m of modern sea level.
RSL Estimates with intermediate sized error bars (20 m length) are
obtained from the coral Montastrea annularis. While RSL estimates
with the longest error bars (<20 m length) are derived from a num-
ber of species that are found over a wide range of depths. Coloured
crosses denote the ice-equivalent ESL reconstruction of (Lambeck and
Chappell, 2001) for Barbados (cyan), Tahiti (grey), Huon (black),
Bonaparte Gulf (orange) and Sunda Shelf (magenta). Taken from
Jansen et al. (2007). . . . ...
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Global sea level (1961-2008). (a) The solid black line represents sea
level observed using coastal and island tide gauges. The grey bar
indicates estimated uncertainty. Sea level observed using TOPEX/
Poseidon/ Jasonl & 2 satellite altimeter data is pictured as a dashed
black line. Sea level for this period is shown broken down into its sepa-
rate contributing components (b) The sum of components in contrast
to the overall estimate. The pink shading denotes the uncertainty for
the sum of components. Taken from Church et al. (2011).. . . . . . .
Global mean sea level (GMSL) according to the reconstruction for
January 1870 to December 2001. Monthly GMSL denoted by the
bottom line. The yearly GMSL with the quadratic fit (black and
white line) offset by 150 mm represented by the middle line. The top
line, again offset by a further 150 mm, represents the yearly GMSL
with satellite altimeter data superimposed. The dark and light shad-
ing denote one and two standard deviation errors, respectively. Taken
from Church and White (2006). . . . . . .. ... ... .. ......
A map of Antarctica. The Antarctic Ice Sheet is the largest in the
world. It can split up into the East and West Antarctic Ice Sheets.
Each has its own unique bedrock topography and climate, which ef-
fects the way these ice sheets respond to climate change. Taken from
http://lima.nasa.gov/pdf/A3 overview.pdf . . ... ... ... ...
A map of the bedrock elevation of Antarctica. The majority of the
continent is above sea level. ~36% of East Antarctica and ~79% of
West Antarctica are below sea level. These areas are more susceptible
to changes in climate. Taken from Fretwell et al. (2013). . . . .. ..
A map of the Greenland bedrock. The majority of the land is above

sea level with ~22% below sea level. Taken from Bamber et al. (2013).
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Surface height determination, denoted as Rg,.. The surface height
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altitude of the satellite. Figure taken from (Schutz and Zwally, 2008)
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A stylised representation of a ground-track segment with a surface
slope. The black line represents the reference track, pointing in an
along-track direction. Coloured lines illustrate the repeat-tracks. The
yellow box represents the across-track slope and # is the angle of
the across-track slope. The dashed red line indicates direction of
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Determining the location and orientation of the mission grid. A) The
25 node grid is placed over the mission crossover, making it the central
node of the grid. B) The orientation of the mission grid is determined
by firstly identifying the short sides of intersecting mission-tracks.
The angles are halved for both sides and the line which runs along
this angle and intersects the mission crossover, denotes the orientation
of the mission grid.

Percentage of estimates below a given rate error (difference between
the estimated value and the simulated value) when comparing differ-
ent grid sizes. The results presented are from the MSHV surface.

A) A time series of one grid node from a mission grid. The central
node of the mission grid is used as an example, which happens to also
be the location of the mission crossover (denoted by the blue circle in
figure B and figure C). The blue arrow points to a well constrained
point in 2003.83, which is presented in figure B, while the green arrow
points to a badly constrained point in 2008.83, shown in figure C.
B) An ascending (green) and descending (red) repeat-track for the
2003.83 campaign (campaign 2A). The mission grid is well positioned
and a ICESat measurement is directly below the central grid node,
therefore the uncertainty of the interpolated height is low. C) An
ascending (green) and descending (red) repeat-track for the 2008.83
-ampaign (campaign 2D). No ICESat measurements are close to the
central node and therefore the interpolated height in this case has a
higher uncertainty and will contribute less to the mean rate estimate.
A visual representation of slope estimation using a 3x3 grid window
(solid green circles) on a 25-node mission grid (black circles). The
eight outer nodes (red circles) are required to estimate the slope and
aspect of the central node (solid green circle). This scheme only allows

for a slope estimation of the inner nine nodes.
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4.1

4.2

4.3

4.4

The study site: encompassing 1/5 of East Antarctica. The boxes with
numbers show the location of the site looked at in detail. Regions
(black text), mountain ranges (red text) and ice shelves (blue text)

Drainage Basins and velocities. Numbers demarcate drainage basin
divides after Zwally et al. (2012). Blue indicates areas with an ice
velocity of greater than 100 m a’!, while areas in green have an ice

L. Ice velocities are derived from Rignot

velocity less than 100 m a
et al. (2011b). . . . . . L
A) dH/dt estimates B) uncertainties of dH/dt estimates using the
COMB-GFSI method. All measurements have been filtered, any
points within a 25 km search radius that are £+ 0.75 times the inter-
quartile range are removed, after Pritchard et al. (2009). The largest
rates and spatial variation in rates occur along the coast, while in
the interior rates are smaller and more homogeneous. The majority
of rates across the study site are positive, with the exception being
along the coast, more specifically at the grounding zone of Amery Ice
Shelf and in north-north western Enderby Land. The uncertainties
are smallest in the interior, greatest along the coast and in areas of
steep surface slope (i.e. mountains, rock outcrops). . . . . . . .. ..
A) dH/dt estimates B) uncertainties of dH/dt estimates using the
COMB-NNI method. All measurements have been filtered, after
Pritchard et al. (2009). The distribution of rates are similar to the
Green’s function spline interpolation results, however in general the
rates are slightly lower. The distribution of sigma values is similar
to the COMB-GFSI results, expect that the coastal sigma signals are

slightly larger. . . . . . . . . . ...

Xv1

. 107



4.5

4.6

4.7

4.8

4.9

A) dH/dt estimates B) uncertainties of dH/dt estimates using the
GRID-GFSI method. All measurements have been filtered, after
Pritchard et al. (2009). The general distribution of rate signals is sim-
ilar to the combined results, however, the resolution is much lower.
The sigma values are generally lower than those of the combined data.
The general distribution of signal values is similar to the combined
results, however, the resolution is much lower. . . . . . . ... .. ..
A) dH/dt estimates B) uncertainties of dH/dt estimates using the

GRID-NNI. All measurements have been filtered, after Pritchard et al.
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Site 2: dH/dt estimates and uncertainties A) unfiltered. B) filtered.
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coastline. This site had some of the largest negative rate changes
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Site 5: dH/dt sigma A) unfiltered. B) filtered. The black line denotes
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with large uncertainties. . . . . . . . ... ..o oL
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GFSI method. Filter applied after Pritchard et al. (2009). dH/dt
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A) Surface slope magnitude estimates using a combination of sur-
face slopes derived from the COMB-GFSI. Surface slopes are small-
est in the interior around Valkyrie Dome and increase closer to the
coastline. Surface slopes are also higher near rocky outcrops and
mountain ranges. B) Surface slope estimates derived from the Bam-
ber et al. (2009) DEM. All slope estimates are positive as the value
shown is the magnitude. For plotting purpose the direction of the
slope is not shown, however it is taken into account when the differ-
ence was calculated. The distribution of surface slope is similar to
the combined method, however the surface slopes tend to be smaller
overall. C) The difference in surface slope between the combined and
DEM method. Positive values denote that this studies method es-
timates higher slopes then the DEM method and visa-versa for the
negative values. The largest differences occur near the coast and on
rocky/mountainous terrain.

Surface slope estimates in the interior of the study site. Surface slopes
are smallest on the plateau ranging from 0 - (.25 degrees increasing
towards the coastline and mountainous regions. All slope estimates
are positive as the value shown is the magnitude. For plotting purpose
the direction of the slope is not shown.
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Chapter 1

Introduction

Earth surface systems are highly sensitive to changes in climate. Land-born ice (i.e.
ice sheets and glaciers) in particular is responding much faster and more strongly
to changes in global temperatures than previously anticipated (Alley et al., 2005;
Truffer and Fahnestock, 2007). Even a small redistribution of ice from the land
to the oceans could lead to sizable increases in future sea-level rise. Present-day
redistribution is most evident in regions with mid-latitude and tropical mountain
glaciers where strong losses are being observed (Bamber and Payne, 2004; Vaughan
et al., 2013). This trend is also being observed on the Greenland, West Antarctic
Ice Sheets and to a lesser extent in East Antarctica. However, due to their size and
complexity, the true magnitude of this loss is more difficult to determine.

Accordingly, the rapid response of some sections of the ice sheets to present-day
climate change - and the uncertainty as to how large these changes are - limits
the ability to forecast ice sheet contributions to future sea level (Solomon, 2007).
The observation of ice sheet dynamics and their mass exchange with the oceans,
as well as understanding the mechanisms that dictate these processes, is crucial in
establishing the ice sheets’ existing and future contributions to sea level and the
uncertainties associated with these.

Over the last two decades, a large amount of research has been targeted at
quantifying changes in both ice sheet/glacier dynamics and the rate of ice loss/gain.
However, until recently, these estimates have been smaller than their corresponding

uncertainties and the 5th IPCC report (Vaughan et al., 2013) highlights that there



are still significant deviations in the rate of loss estimates for the Greenland and
Antarctic Ice Sheets. A recent international collaboration of polar scientists called
the Ice sheet Mass Balance Inter-comparison Exercise (IMBIE), has attempted to
reconcile these differences (Shepherd et al., 2012). They combined estimates from a
number of different methods used to calculate ice mass balance. The study shows
how much our understanding of ice sheets and glaciers has advanced, but also high-
lights the need to improve the methods used in estimating changes in ice height and
mass.

The motivation behind this research is to help to improve methods used to
estimate ice height change and to contribute to the understanding of how fast the
Earth’s climate system is responding to climate change. More specifically I want to
help decrease the uncertainty as to how the ice sheets are reacting to current climate
change, so we are able to better understand how they will respond in the future.

This thesis consists of 6 chapters and will be presented in the following order:
Chapter 1 describes the current scientific understanding and methods used to es-
timate sea level rise and ice sheet mass change. Chapter 2 covers the Ice, Cloud,
and land height Satellite (ICESat) mission which had the specifically designed Geo-
science Laser Altimeter (GLAS) on-board to primarily measure the height changes
of ice sheets. Chapter 3 describes the different analysis techniques and interpolation
methods used to estimate height from ICESat data. In Chapter 4, I present my
unique method of analysing ICESat data to acquire rates of ice height change. I
create simulated ICESat datasets to show the accuracy of my method relative to
that of previous methods. In Chapter 5, I implement my method to estimate height
and mass changes using actual ICESat data and discuss the results. Chapter 6

includes a summary of my findings and concluding remarks.

1.1 Sea level rise

Global eustatic sea level has risen since the last glacial maximum (LGM) (30-19
thousand years before present (kyr BP), Lambeck et al., 2002). There is still some

debate as to the amount, however the general consensus is that it has risen between



L over the entire period

120 to 130 m, which equates to between ~6 to 10 mm a
(Church et al., 2001; Jansen et al., 2007; Gehrels, 2010) (Figure 1.1). Global sea
level rates were relatively small just after the end of the LGM. These rates increased
rapidly to an average ~10 mm a™ between ~15 and 6 kyr BP (Church et al., 2001).
Around ~7 to 6 kyr BP the global sea level stabilised and the rate went down to
approximately 0.5 mm a™' (Gehrels, 2010). The timing of the stabilisation is poorly
constrained and some studies suggest much more recent stabilisation dates, between
3 to 2 kyr BP (Church et al., 2001).

This disagreement in dates is largely caused by the variation in sea level estimates
at the different sites used in each of the studies (Gehrels, 2010). Furthermore, the
Barbados sea-level history (Figure 1.1, blue data points & red line), which is used
in many studies (i.e. AR4 & 5) to constrain the LGM and the stabilisation date, is
suggested by a number of authors to be significantly influenced by glacial isostatic
adjustment (GIA) and therefore suspect (Gehrels, 2010).

GIA is defined as the slow uplift or subsidence of the Earth’s crust due to the
removal or adding of ice load during a glacial cycle, which in turn can affect a regional
rise or fall in the ocean, ice or land surface height (Denton and Hughes, 2002). In
more detail, for the past ~700,000 years, the Earth’s climate has been defined by
~100,000-year oscillation between interglacial and glacial conditions. These changes
in climatic conditions lead to the movement of water and ice over the Earth’s surface
and acts as a load upon the lithosphere.

The Earth’s surface deforms in response to this load and during the glacial
period, decreasing temperatures lead to the growth of ice-sheets at the poles under
which the earth subsides. As these ice-sheets melt during the inter-glacial period,
the load is removed and the earth rebounds. This deformation of the Earth’s surface
is isostatic, which means the lithosphere is in constant motion attempting to reach
a state of equilibrium. A full explanation of GIA can be found in Peltier (2001).

With these uncertainties in mind, Gehrels (2010) states that the onset of mod-
ern rates of sea-level rise did not occur at the same time or uniformly across the

globe. Nonetheless, sea level rates stabilised around the middle of the Holocene
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Figure 1.1: A) The ice-equivalent eustatic sea level (ESL) curve over the last glacial-
interglacial cycle from analysis of Waelbroeck et al. (2002). The black line represents
the median estimate over time and the grey bar defines the estimate of error. The
red line represents the ICE-5G (VM2) model prediction of relative sea level (RSL)
rise for the island of Barbados in the Caribbean Sea, for both Figures (A) and (B).
The ICE-5G prediction of ice-equivalent ESL rise is depicted as a step-continuous
brown line for both Figures (A) and (B). The two curves are similar, suggesting that
for this location the model is a good approximation of the ESL history. The blue
points denote individual coral-based estimates of RSL. The associated error bars are
dependent upon the coral species. Shorter error bars are derived from the Acropora
palmata species. These provide the tightest constraints upon RSL as this species is
found to live within ~5 m of modern sea level. RSL Estimates with intermediate
sized error bars (20 m length) are obtained from the coral Montastrea annularis.
While RSL estimates with the longest error bars (<20 m length) are derived from
a number of species that are found over a wide range of depths. Coloured crosses
denote the ice-equivalent ESL reconstruction of (Lambeck and Chappell, 2001) for
Barbados (cyan), Tahiti (grey), Huon (black), Bonaparte Gulf (orange) and Sunda
Shelf (magenta). Taken from Jansen et al. (2007).



and, over the last 3,000 years, the average rate of sea level rise has been between
0.1 to 0.2 mm a' (Church et al., 2001). Sea level is thought to have not changed
significantly since 3 kyr BP and it wasn’t until the late 19th century that sea levels
started to rise again (Church et al., 2001).

Sea level was found to be increasing by 1.7 & 0.2 mm a ! from 1900 to 2009, using
tide gauge observations (Church and White, 2011) and 2.1 4+ 0.2 mm a ' from 1972
to 2008, using observations from a combination of tide gauges and satellite altimetry
(Church et al., 2011) (Figure 1.2a, Table 1.1). From 1993 to 2008 the rate of sea level

I using tide gauge observations (Figure 1.2a,

rise has increased to 2.61 + 0.55 mm a -
Table 1.1) and 3.22 + 0.41 mm a "' using both tide gauge and satellite altimetry
observations (Figure 1.2b, Table 1.1). Although sea level rise has increased and the
rate appears to be accelerating, the acceleration is not statistically significant as
there is great variation in sea level from 1993 to 2008 (Church et al., 2011; Church
and White, 2011). Nonetheless, there has been a significant acceleration in the rate of
sea level rise, when the rate has been calculated from 1880 (0.009 4 0.003 mm a?)
and also from 1900 to 2009 (0.009 + 0.004 mm a?) (Church and White, 2006)
(Figure 1.3).

The sea level rates from 1972 to 2008, and 1993 to 2008 are further broken down
by Church et al. (2011) in Table 1.1 and graphically represented in Figure 1.2. For
the 1972 to 2008 period the largest contributions to sea level rise are, in order of
amount, thermal expansion and the melting of glaciers and ice sheets. The combined
Antarctica and Greenland Ice Sheet contribution was smaller than either of the
other two contributors. Accordingly, as the overall rate of sea level rise increased
for the 1993 to 2008 period, each of the contributions also went up (Church et al.,
2011) (Table 1.1). During this time period, the contribution from glaciers and ice
sheets increased significantly and, while the thermal expansion rate did increase,
the amount was much smaller (Table 1.1). The importance of the Antarctic and
Greenland contribution also increased and, as global mean temperatures rise, this
contribution is likely to increase (Church et al., 2011; Shepherd et al., 2012).

When all the contributions are combined and compared to the tide gauge and /or



satellite altimetry estimates of sea level rise they are of the same magnitude and are
in general agreement (Figure 1.2b). Data prior to 1972 is shown in Figure 1.2 but
not used in the estimates, as a drop in sea level in the 1960s is poorly understood
(Church et al., 2011). This is likely due to poor data coverage which is unable to
adequately resolve the response to and the recovery from the 1963 volcanic eruption
of Mount Agung (Church et al., 2011). This eruption may have led to a fall in sea
level, due to changes in climate, which is unrepresentative of the general positive

trend.
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Figure 1.2: Global sea level (1961-2008). (a) The solid black line represents sea level
observed using coastal and island tide gauges. The grey bar indicates estimated
uncertainty. Sea level observed using TOPEX/ Poseidon/ Jasonl & 2 satellite al-
timeter data is pictured as a dashed black line. Sea level for this period is shown
broken down into its separate contributing components (b) The sum of components
in contrast to the overall estimate. The pink shading denotes the uncertainty for
the sum of components. Taken from Church et al. (2011).

It is clear that sea level is rising and will continue to do so for the foreseeable
future. The role of ice sheets will continue to grow in importance with regards to es-
timating sea level rise. It is therefore imperative that we increase our understanding
of the World’s ice sheets and how they will respond to current and future climate

change. In the next section I will discuss the general characteristics of these ice

sheets.

1.2 Characteristics of the World’s largest ice sheets

The World’s ice sheets hold enough water to increase average sea level by ~66 m if
it were to all melt (Solomon, 2007; Bamber et al., 2013; Fretwell et al., 2013). This
estimate was calculated using only ice on bedrock (grounded ice), as ice floating on

the ocean does not contribute to sea level rise. From here on when I use the term

-1



Table 1.1: Global sea level and its contributing components. All rates are linear and
in mm a'. Associated errors are given as one standard deviation estimates. Two
estimates of total sea level are presented; from reconstructed tidegauge data (t.g.)
and from combining reconstructed tide-gauge and altimeter data from 1993 onwards
(t.g. + sat). Each total is given for two different time periods. Component estimates
given separately and associated uncertainties obtained from various sources, see
Church et al. (2011). Bold numbers indicate sum of other rows, as indicated in first
column. Taken from Church et al. (2011)

Component 1972 — 2008 1993 — 2008
Total s.l. (t.g. only) 1.83 = 0.18° 2.61 + 0.55
Total s.l. (t.g. + sat) 2.10 = 0.16 3.22 = 0.41
Shallow thermal (0-700m) 0.63 = 0.09 0.71 £ 0.31
Deep thermal (700-3000m) 0.07 £ 0.10 0.07 +£0.10
Abyssal thermal (3000m-bottom) 0.10 = 0.06 0.10 = 0.06
Total thermal (full depth) 0.80 = 0.15 0.88 = 0.33
Glaciers & Ice Caps 0.67 = 0.03 0.99 + 0.04
Greenland Ice Sheet 0.12 £ 0.17 0.31 +0.17
Antarctic Ice Sheet 0.30 + 0.20 0.43 +0.20
Land ice (G&IC, GIS, AIS) 1.09 = 0.26 1.73 +£ 0.27
Thermal (full depth) + Land ice 1.89 + 0.30 2.61 + 0.42
Dam retention -0.44 +0.15 -0.30 £ 0.15
Groundwater depletion 0.26 = 0.07 0.35 £ 0.07
Natural terrestrial storage 0.07 £ 0.10 —0.14 = 0.10
Total terrestrial storage —0.11 = 0.19 —0.08 = 0.19
Total mass contributions 0.98 £ 0.33 1.66 + 0.33
Total thermal + Mass 1.78 £ 0.36 2.54 £ 0.46
Residual (t.g. only) 0.05 = 0.40 0.08 = 0.72
Residual (t.g. + sat) 0.32 = 0.39 0.69 = 0.62
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Figure 1.3: Global mean sea level (GMSL) according to the reconstruction for Jan-
uary 1870 to December 2001. Monthly GMSL denoted by the bottom line. The
yearly GMSL with the quadratic fit (black and white line) offset by 150 mm repre-
sented by the middle line. The top line, again offset by a further 150 mm, represents
the vearly GMSL with satellite altimeter data superimposed. The dark and light
shading denote one and two standard deviation errors, respectively. Taken from

Church and White (2006).
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Figure 1.4: A map of Antarctica. The Antarctic Ice Sheet is the largest in the world.
[t can split up into the East and West Antarctic Ice Sheets. Each has its own unique
bedrock topography and climate, which effects the way these ice sheets respond to
climate change. Taken from http://lima.nasa.gov/pdf/A3 overview.pdf

“ice sheets” I am referring to grounded ice, unless otherwise noted. The main two
ice sheets are the Antarctic and Greenland Ice Sheets.

The Antarctic Ice Sheet is the largest body of land ice in the world, with a volume
of 26.92 * 10° km?, and covers 98% of the continent (Fretwell et al., 2013). Its mean
ice thickness, excluding ice shelves, is ~2 km, and is at its thickest in the Astrolab
sub-glacial basin, where it is 4897 m from the bedrock to the surface (Fretwell et al.,
2013). Approximately 88% of all land ice is found in Antarctica, which would raise
global sea level by 58.3 m if completely melted. The Antarctic continent is broadly
divided into two regions, East and West Antarctica (Figure 1.4). Each region has its
own unique bedrock topography and climate, which affects how their corresponding
ice sheets respond to changing climate.

The East Antarctic Ice sheet is mainly above sea level, making up ~81% of total

grounded ice mass found in Antarctica. This equates to 53.3 m of equivalent sea

10



level rise (ESLR), making it the largest potential contributor to sea level (Fretwell
et al., 2013). The majority of the ice is locked in the interior of the continent, which
is also where the ice sheet is at its thickest. Surface slope is negligible, as most of the
interior is flat (Fretwell et al., 2013). Consequently, ice flow rates (velocities), which
are a function of slope and ice thickness, are slow (Bamber et al., 2001). The coastal
margins have a more variable bedrock topography with higher slopes. Nevertheless
the ice velocities are generally lower than in West Antarctica and Greenland, as the
slopes are lower and much of the ice sheet is buttressed by ice shelves with slow
flow rates (Bamber et al., 2001). There are notable exceptions to this general trend,
such as the Totten Glacier, which is showing signs of acceleration (Pritchard et al.,
2009). Although most of the ice is above sea level, ~36% (or 19.2 m ESLR) of the
ice is below sea level, making it more susceptible to marine incursion in the event of
large scale deterioration of ice shelves along the coast (Figure 1.5) (Fretwell et al.,
2013).

The West Antarctic Ice Sheet, which also includes the Antarctic Peninsula, is
much smaller than its eastern counterpart, holding ~7% of the Antarctic ice mass
(4.3 m and 0.2 m ESLR, respectively). In contrast to East Antarctica, a large
amount of ice is held in the ice shelves which cover large areas of West Antarctica.
The ice sheet topography for this region is defined by a bedrock of steep valleys,
which leads to higher surface slopes and consequently higher ice velocities. As the
ice sheet passes the grounding line and turns into ice shelves, its velocity continues
to remain high. Grounded ice below sea level makes up ~79% (3.4 m ESLR) and
~50% (0.1 m ESLR) of the total ice mass for the West Antarctic Ice Sheet and
the Peninsula, respectively (Figure 1.5) (Fretwell et al., 2013). As most of the ice
is below sea level and protected by the large ice shelves which buttress the land
ice, the ice sheet is far more vulnerable to future marine incursions as global mean
temperature rises. Recent evidence suggests that marine instabilities are occurring
in West Antarctica and will continue to increase (Joughin et al., 2014; Rignot et al.,
2014).

Greenland has the second largest ice sheet, which covers roughly 80% of the
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