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Abstract

The calving of icebergs from Antarctic ice shelves is one of the primary ways in which mass is

transported from the continent to the ocean. As a result, the mechanisms that determine how

and when icebergs are produced also determine the rate at which this mass transfer occurs.

These mechanisms also influence the buttressing potential of ice shelves and in doing so can

contribute to ice shelf change, which is likely the largest and most uncertain aspect of Antarc-

tica’s contribution to sea level rise. The mass lost from ice shelves over time due to the calving

of icebergs is known as the calving flux. Baseline observations of ice shelf calving flux can be

used in conjunction with an understanding of the processes involved to identify changes in ice

shelf behaviour. Relatively little research has focused on the calving regimes of the smaller ice

shelves that fringe the Antarctic continent, and how they may differ from larger ice shelves.

In an attempt to address this knowledge gap, the work presented in this thesis focuses on the

calving regime of the small ice shelf that is fed by the Sørsdal Glacier, in East Antarctica. To

derive a comprehensive understanding of the Sørsdal ice shelf’s calving regime this work quan-

tifies the mass loss due to calving, identifies the processes involved in calving and investigates

the applicability of a number of calving laws to this particular ice shelf.

In order to determine whether the calving flux of an ice shelf is changing, it is first essential

to determine the baseline calving flux. Methods used to estimate the calving flux either take

into account non-steady-state behaviour by capturing movement of the calving front location

(e.g. using satellite observations), or they assume the calving front is stationary and that the

ice is in steady state (e.g. flux gate methods). Non-steady-state methods are hampered by

the issue of temporal aliasing, i.e. when the satellite observation frequency is insufficient to

capture the cyclic nature of the calving front position. Methods that assume a steady state

to estimate the calving flux accrue errors if the ice shelf is not in steady state. In order to

overcome these limitations a new approach is proposed and implemented here that combines

a time-series of calving front locations with a flux gate method. The approach involves the

creation of a unique semi-temporal domain as a mechanism to overcome the issue of temporal

aliasing, and only requires readily available datasets of ice thickness (when using ice thickness

estimates derived from surface elevation values and the assumption of hydrostatic equilibrium),

as well as surface velocity estimates. This approach allows for complex calving front geometries

and captures calving events of all sizes that are visible within the satellite images. Application

of the approach to the Sørsdal ice shelf revealed the long-term average calving flux to be 0.74

± 0.105 Gt/yr. The temporal baseline separating the satellite images has a strong influence on
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the resulting calving flux estimate. It is critical that an appropriate temporal baseline is used

to estimate the long-term mean calving flux: if the baseline is too short the estimated calving

flux may not be representative of the long-term average. The estimated minimum temporal

baseline needed to produce a representative estimate of the long-term average calving flux for

the Sørsdal ice shelf is 7.6 years. The variation in the location of the calving front suggests

that between 1972 and 2019, the pattern of calving from the Sørsdal ice shelf has changed.

To further examine the variation in the calving front location, the following section of this thesis

then focuses on the mechanisms involved in the production of icebergs from the Sørsdal ice shelf.

Surface elevation data were used in conjunction with a time-series of visible satellite imagery to

perform a glaciological structural analysis, identifying the presence of rifts, surface and basal

crevasses as well as basal channels in the Sørsdal ice shelf. Analysis of the characteristics of

these features, how they vary over time and how they interact, allowed the development of

a conceptual calving model. This model shows that glaciological features, in particular basal

crevasses, are the primary driver of the pattern of calving at the Sørsdal ice shelf and that there

exists an important relationship between rifts and basal crevasses on this ice shelf. These glacial

features were analysed for change and compared to the environmental drivers of air temperature

observations (as a proxy for surface melt) and sea ice observations (as a proxy for mechanical

oceanic drivers). This analysis was performed in order to determine how these glacial features

may have affected the calving front position of the Sørsdal ice shelf. However, the proxies were

found to have no significant correlation with the calving front location. Instead, analysis of the

glaciological structures over time identified a change in basal channel shape, which was linked

to the propagation of basal crevasses and hence the stable calving front position.

To determine how well the glaciological interactions and calving front variability are represented

by calving laws in a numerical model, three commonly-used approaches were applied to the

Sørsdal ice shelf. Calving laws can be used within numerical models to either predict the calving

rate or to predict the calving front location. The three laws that were investigated include

eigencalving, a continuum damage mechanics-based calving law and a modified crevasse depth

criterion. The eigencalving law was used to investigate the calving rate, whereas the damage-

based calving law and the crevasse depth calving criterion were investigated for their ability to

predict the calving front location. A domain was created for the Sørsdal ice shelf within the

Ice Sheet System Model running Shallow Shelf Approximation flow equations. Application of

the eigencalving law to the Sørsdal ice shelf using a calving rate that was equal to the observed

velocity field produced a median proportionality factor of 1.04 x 107 m/yr, which is well within

the range of published values for Antarctic ice shelves. The proportionality factor was found

to be very sensitive to the region of the ice shelf from which it was obtained. Regions of

high damage aligned with regions of high fracture depth derived from the modified crevasse

depth model, which match the spatial pattern of surface crevasses visible in satellite imagery.

However, surface crevasses present in two along-flow crevasse bands were not captured, nor
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were basal crevasses present at the calving front. The results of the crevasse depth calving law

may have been adversely influenced by pinning points that were unaccounted for in the model

geometry, and the consequent incorrect assumption of hydrostatic equilibrium. The damage-

based calving law results may have been influenced by the advection of damage. Neither the

fracture nor the damage maps identified a new position of the calving front, suggesting that

the ice shelf front is stable and unlikely to shift up-glacier from its current position. However,

these findings require the assumption that the modelled fracture and damage distributions are

representative of the fracture distribution across the Sørsdal ice shelf.

The work outlined in this thesis highlights the important role that basal crevasses play in the

process of calving. Application of three calving laws found that the results were very sensitive

to the input datasets (particularly the ice thickness and ice temperature fields), as well as to

the constants used within the rigidity inversion. Neither the crevasse depth calving law nor

the damage-based calving relation explicitly captured the influence of basal crevasses, however

this was likely a result of model geometry issues and deficiencies of the ice flow model used.

Another important finding of this work is that the temporally dynamic interactions between

glacial features show that an ice shelf calving regime is not static, but can change even without

obvious climatic drivers. The outcomes of this work emphasise the need to include smaller

ice shelves in studies of Antarctic calving mechanisms as they offer the opportunity to expand

the observed range of calving mechanisms, and are a useful tool for assessing calving model

performance.
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Chapter 1

Introduction

1.1 An Introduction to Antarctic Ice Shelves

The calving of icebergs from ice shelves is one of the primary ways in which mass is lost from

Antarctica (Depoorter et al., 2013; Rignot et al., 2013; Liu et al., 2015). Quantification of the

mass loss due to calving, identification of the drivers of calving and parameterisation of calving

processes within ice sheet models are all fundamental aspects to understanding Antarctic ice

shelf calving regimes and how they may respond to future environmental change.

Ice shelves can be defined as the floating extensions of outlet glaciers or ice streams that, upon

reaching the grounding line, become afloat and continue to flow and spread out over the sea.

The grounding line is the boundary between the grounded glacier ice and the floating ice shelf,

and is best conceptualised as a transition zone (Fricker et al., 2009). The majority of the

Earth’s ice shelves are found around the margin of the Antarctic continent, though some are

also present in the Canadian Arctic (e.g. Ellesmere Island) and Greenland (Dowdeswell and

Jeffries, 2017). More than three hundred ice shelves and glacier tongues are reported to fringe

the Antarctic continent (Fretwell et al., 2013), abutting approximately 74 % of the grounded

ice boundary (Bindschadler et al., 2011). The locations of some key Antarctic ice shelves are

shown in Figure 1.1. The surface area of individual ice shelves varies from large ice shelves such

as the Ross Ice Shelf (4.84x105 km2) and the Filchner-Ronne Ice Shelf (4.81x105 km2), through

to much smaller ice shelves, such as the Thwaites Glacier (5x103 km2) (Depoorter et al., 2013).

The largest ice shelf in East Antarctica is the Amery Ice Shelf which is 6.0x104 km2 (Depoorter

et al., 2013).

Ice shelves gain mass via glacier inflow, snowfall accumulation on the surface, and basal freezing.

The negative mass balance component of ice shelves is dominated by basal melting and iceberg

calving (Pritchard et al., 2012; Rignot et al., 2013; Depoorter et al., 2013; Liu et al., 2015). In

addition to these processes, ice shelves can also lose mass via wind re-suspension and export of

1
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Figure 1.1: Location of key Antarctic ice shelves. Ice shelf extent is given by the Making Earth
System Data Records for Use in Research Environments (MEaSUREs) v.2 coastline dataset
(Rignot et al., 2013; Mouginot et al., 2017).

snow, evaporation and sublimation (Koenig et al., 2015), as well as through surface meltwater

drainage and runoff (Bell et al., 2018). Figure 1.2 shows the key processes involved in the mass

balance of an ice shelf. There is considerable regional variability in each process identified in

Figure 1.2, which results in regional variability in the mass loss from ice shelves, and ultimately

in the estimated Antarctic ice discharge (The IMBIE team, 2018; Shepherd et al., 2018; Rignot

et al., 2019).

The factors that determine the state of mass balance of an ice shelf also affect its stress con-

figuration, and subsequently its flow and dynamics (e.g., surface elevation, ice thickness, basal

melt/refreezing, surface melt, near-surface snow properties and grounding line position). The

thickness of an ice shelf is particularly important, and varies spatially over individual ice shelves

as well as between ice shelves, ranging on average from ∼ 300 m to 2,500 m (Schaffer et al.,

2016). The thickness of an ice shelf is influenced by the surface mass balance as well as the

spatial distribution of melting and refreezing processes at the ice shelf base (e.g. Fricker et al.,

2001; Herraiz-Borreguero et al., 2015).

The distribution of the basal mass balance has important implications for ice shelf dynamics,

as basal accretion in the form of marine ice can act to stabilise ice shelves (Holland et al., 2009;

Khazendar et al., 2009; Jansen et al., 2013; Jordan et al., 2014; Kulessa et al., 2014; McGrath

et al., 2014), whereas basal melt can thin ice shelves making them more susceptible to break-up
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Figure 1.2: Diagram showing mass inputs and outputs to an ice shelf system.

(Liu et al., 2015; Paolo et al., 2015; Gourmelen et al., 2017). The geometry and dynamics of an

ice shelf are also strongly determined by whether or not the ice mass is bounded by land at the

lateral margins, or is grounded on pinning points (Matsuoka et al., 2015; Fürst et al., 2015).

Ice shelves can have an impact on their surrounding environments through the interaction

between the floating ice mass and the ocean cavity beneath. Ice shelves can influence the ocean

thermohaline circulation (Williams et al., 1998) through ice pump mechanisms (Foldvik and

Kvinge, 1974; Robin, 1979), open circulation and the production of Ice Shelf Water (Nicholls

et al., 2004; Herraiz-Borreguero et al., 2013), as well as influencing ecosystem dynamics (Riddle

et al., 2007; Post et al., 2014) and sedimentation rates (Hemer and Harris, 2003; Post et al.,

2014).

Ice shelf fronts also often define the locations of coastal polynyas, which are key regions of

intense sea ice formation and water mass modification (e.g. Nakata et al., 2015; Tamura et al.,

2016). Icebergs created from ice shelf calving events can also impact ocean properties and

circulation, as they can play a key role in determining the distribution of pack ice and landfast

ice, and the associated coastal polynya formation (Massom, 2003; Fraser et al., 2012). Landfast

ice or fast ice is a type of sea ice that forms and remains fixed to shorelines, grounded icebergs,

shoals, ice shelves or floating glacier tongues (WMO, 1970). Most Antarctic fast ice is first-year

though it can persist for more than one year, becoming multi-year fast ice (Fraser et al., 2012).

Connections have been identified between the formation of fast ice and grounded icebergs,

where mechanical coupling between multi-year fast ice and ice shelves or glacier tongues can

act as a stabilising mechanisms for the ice shelves (Massom et al., 2010, 2018). In addition

to influencing the distribution of fast ice, icebergs and their subsequent freshwater production
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due to melting, can affect the stratification of the upper ocean (Gladstone et al., 2001; Jongma

et al., 2009; Stephenson et al., 2011).

Ice shelves are sensitive to changes in the forcings that interact with them. These forcings

can include the atmosphere (air temperature and humidity, atmospheric pressure, radiation

balance, precipitation and wind stress), the ocean (circulation, temperature, salinity, waves and

tides), sea ice (concentration and thickness) and basal properties (bed slope, heat flux, sediment

properties), to identify a few (Scambos et al., 2000; Rignot and Jacobs, 2002; Padman et al.,

2002; Fricker and Padman, 2012). Ice shelves reflect changes in these forcings, as well as any

increase or decrease in ice flow, through changes in their geometry and dynamics, which means

they are useful indicators of change, particularly in the ocean-atmosphere system (Vaughan

et al., 2003).

1.2 Ice Shelf Calving

Between 2005 and 2011 iceberg calving is estimated to have accounted for approximately one

third of the mass loss from Antarctic ice shelves, with regional variation in the amounts lost

(Liu et al., 2015). Variability in the spatial distribution of calving mass loss is a consequence

of variability in the calving regimes of the ice shelves, in terms of the mechanisms involved in

calving, the rate of iceberg production and the mass of the ice that calves (Bassis and Jacobs,

2013).

Large tabular icebergs are a characteristic form of mass loss from many Antarctic ice shelves and

occur infrequently as part of the cyclic nature of calving from these ice shelves. For example,

in March 2000 a large tabular iceberg (B-15) with a surface area of 10,915 km2 calved from

the Ross Ice Shelf (Lazzara et al., 2008). In April of 2016 the Nansen Ice Shelf calved a large

iceberg that subsequently broke into two medium-sized icebergs (C33 and C33B) that had

surface areas of 168 km2 and 50 km2, respectively (Li et al., 2016). In July 2017 a large tabular

iceberg (A68), that had an area of ∼ 6,000 km2, calved from the Larsen C Ice Shelf (Hogg

and Gudmundsson, 2017), and in September 2019 iceberg D28 broke away from the Amery Ice

Shelf and was 1,636 km2 in area.

In comparison to the periodic calving of large tabular icebergs, large plumes of needle-shaped

icebergs have been produced as the result of the disintegration of several Antarctic Peninsula

ice shelves. For example, the Larsen B Ice Shelf disintegrated in early 2002 with an areal loss

of 3,320 km2, and the Wilkins Ice Shelf experienced a series of rapid breakups in the period

2008− 2009, losing approximately 2,250 km2 in surface area (Scambos et al., 2003; Braun and

Humbert, 2009; Scambos et al., 2009; Massom et al., 2018).

The production of icebergs is primarily related to the presence of fractures. Sufficiently high

tensile stress (or strain rate) causes ice to fracture (van der Veen, 1999; Hindmarsh, 2012), and
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once fractures penetrate the full ice thickness and connect to the edges of the ice shelf or other

full-depth fractures they cause the detachment of icebergs. Therefore, the calving regime of

an ice shelf is strongly influenced by the location, distribution, orientation and propagation

of fractures within the ice (Benn et al., 2007b). Thus, different calving regimes result from

the different stress regimes that are produced by the interaction between the ice shelf and its

surrounding environment, as well as from the different time scales of deformation (Benn and

Åström, 2018).

The spatial distribution of fractures, in the form of rifts (fractures that penetrate the full ice

thickness), as well as surface and basal crevasses (fractures which do not penetrate the entire ice

thickness), has been mapped around the coast of Antarctica (Wesche et al., 2013). The results

of the work by Wesche et al. (2013) (Figure 1.3) show that ice shelves can exhibit multiple

forms of fractures, and that these fractures can exist at different orientations to each other. For

example, the Amery Ice Shelf in East Antarctica has both transverse-to-flow surface features

as well as parallel-to-flow surface features. The features mapped by Wesche et al. (2013) on

the Amery Ice Shelf have previously been identified as rifts (Fricker et al., 2002b; Bassis et al.,

2008), indicating that rifts are the primary drivers of the Amery Ice Shelf calving regime.

Given the variety of stress regimes displayed by Antarctic ice shelves, and the resulting fracture

patterns, it is important to examine and understand the various processes related to fracture

initiation and development on Antarctic ice shelves, as the calving processes of Antarctic ice

shelves are clearly complex in nature and spatially variable in distribution. Therefore, the work

in this thesis is motivated by the need to provide an improved understanding of all the potential

drivers involved in the production of icebergs, and how these styles of calving are represented

by calving laws. The techniques developed in this thesis are potentially applicable to any ice

shelf and the knowledge gained is vital for the improved understanding of Antarctic ice shelf

calving regimes and how these regimes may change in the future in response to environmental

forcing.

1.3 Knowledge Gaps

Some Antarctic ice shelves are exhibiting geometric change, including thinning, frontal retreat

due to calving and grounding line retreat, for example, Pine Island Glacier (Rignot et al.,

2014; Jeong et al., 2016; Arndt et al., 2018). These changes have important implications for

the mass balance of the Antarctic continent and therefore its contribution to global mean sea

level rise. The total mass loss from the Antarctic Ice Sheet increased from 40 ± 1.9 Gt/yr in

1979−1990 to 252 ± 26 Gt/yr in 2009−2017 (Rignot et al., 2019). The Antarctic Ice Sheet has

been losing mass since the mid-1990s, contributing 0.15 − 0.46 mm/yr sea level equivalent on

average between 1992 and 2017 (The IMBIE team, 2018). The mass loss increased to 0.49−0.73

mm/yr between 2012 and 2017 (The IMBIE team, 2018). Dynamic mass loss (i.e. the mass
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Figure 1.3: Figure 6 in Wesche et al. (2013) where the coastline is divided into different classes
based on visible surface structures: C1 = parallel surface structures, C2 = orthogonal surface
structures, C3 = ice stream pattern, C4 = no crevasses, C5 = grounded ice. The percentages
by each class are the portion of the class relative to the total length of the coastline and the
numbers around the coastline refer to locations mentioned in Wesche et al. (2013).

loss due to calving) is projected to increase by the year 2100 for the Antarctic Ice Sheet as a

whole, with regional differences in the calving response of ice shelves (Golledge et al., 2019). For

example, the greatest loss due to calving is expected to occur in the Amundsen Sea sector as a

result of the projected collapse of the Thwaites Glacier, whereas the Ross and Filchner-Ronne

ice shelves are unlikely to exhibit large changes in their extent or mass loss due to calving

(Golledge et al., 2019).

Ice shelf geometric changes have significant impacts on the grounded ice up-stream of the ice

shelves and have been observed to lead to an increase in the velocities of the glaciers that feed

into the ice shelves, resulting in an increase in the discharge of grounded ice and therefore an

increased contribution to sea level rise (Rott et al., 2002; De Angelis and Skvarca, 2003; Joughin

et al., 2003; Scambos et al., 2004; Rignot et al., 2004; Dupont and Alley, 2005; Pritchard and
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Vaughan, 2007; Rignot et al., 2008; Joughin et al., 2012; Pritchard et al., 2012; Holt et al.,

2013; Royston and Gudmundsson, 2016). This increased velocity, resulting from ice shelf retreat

and/or thinning, is a result of the reduced buttressing or ‘back-stress’ of an ice shelf. Buttressing

is the longitudinal compressive force provided by the ice shelf near the grounding line, at other

pinning points, such as ice rises and ice rumples, or at lateral sidewalls, that acts to inhibit

glacier flow into the ice shelf, and reduces ice flow in particular regions of the ice shelf itself

(Scambos et al., 2004; Dupont and Alley, 2005). Glacier speed-up can lead to weakening of

lateral shear margins and increased crevassing indicating that during (and following) ice shelf

retreat these grounded regions or stabilising features may become fracture-initiation points

which aid in destabilising the ice shelf through enhanced ice shelf calving (Doake and Vaughan,

1991).

However, not all large-scale calving events lead to significant glacier acceleration: for example,

the calving event in 2017 from the Larsen C Ice Shelf has been estimated to cause a small

dynamic loss (one Gt/yr) for the glaciers feeding the ice shelf (Rignot et al., 2019). Fürst et al.

(2016) identified regions of passive shelf ice (PSI), which is the area of an ice shelf that has a

negligible dynamical influence on the buttressing potential of that ice shelf. This means that

any calving event that is comprised mostly of passive shelf ice will not reduce the buttressing

potential of the ice shelf and so there will not likely be an abrupt increase in ice discharge.

Ice shelves that have small PSI fractions (such as those of the Amundsen and Bellingshausen

coasts) are the most at risk of calving-induced dynamical changes to their upstream glaciers

(Fürst et al., 2016), so this reduction in back-stress can lead to accelerated discharge across the

grounding line and a subsequent increase in Antarctica’s contribution to sea level rise (Dupont

and Alley, 2005).

Given the complex relationship between ice shelf geometric change and ice shelf dynamics

(particularly ice shelf calving), along with the consequences of this changing relationship, and

given that there is regional variation in the changes exhibited by ice shelves, there is clearly a

critical need to better understand the calving regimes of all Antarctic ice shelves. In order to

develop a complete understanding of the spatial and temporal variability of ice shelf calving

regimes, quantification of the calving mass loss and identification of the drivers of calving are

vital. The accurate representation of calving regimes (and their variability) within ice sheet

models requires appropriate parameterisation of fracture and calving processes by calving laws.

Suitable calving laws are needed in order to accurately constrain the ice sheet mass loss term

to be used within ice sheet models for global sea level predictions (Jacobs et al., 1992), and to

be able to accurately predict the response of glacier tongues and ice shelves to future climate

change (Benn et al., 2007a). The following three sections identify some of the key knowledge

gaps related to the quantification of calving mass loss, the identification of the drivers of calving

and the parameterisation of fracture and calving processes within calving laws.
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1.3.1 Quantification of Calving Mass Loss

Dynamical changes to ice shelves are important as they affect Antarctica’s contribution to sea

level rise by altering the flux of ice that crosses the grounding zone from the grounded ice sheet

to the floating ice shelves. Quantification of the mass lost due to calving in a given time period

(i.e. the calving flux) is critical as changes in the calving flux may generate changes in the

throughput of ice which eventually contributes to sea level rise.

Several continent-wide studies have partitioned the mass loss from Antarctic ice shelves into

iceberg calving and basal melting (Rignot et al., 2013; Depoorter et al., 2013; Liu et al., 2015).

There are differences in the calving flux estimates (usually expressed in gigatonnes per year,

Gt/yr), for various regions and ice shelves. For example, the calving flux estimates for the

Amery Ice Shelf range from 35 ± 2 Gt/yr (Liu et al., 2015) to 50.4 ± 8 Gt/yr (Rignot et al.,

2013) and 50 ± 6 Gt/yr (Depoorter et al., 2013). The West Ice Shelf has a reduced range in

the calving flux estimates: 32.6 ± 7 Gt/yr, 31 ± 4 Gt/yr and 31 ± 3 Gt/yr (from Rignot et al.,

2013; Depoorter et al., 2013; Liu et al., 2015, respectively). These estimates were calculated

using the assumption of steady-state calving front positions. Alternative approaches allow

for changes in the position of the calving front so they can account for non-steady-state ice

shelf behaviour (Liu et al., 2015; Wuite et al., 2019). The calving flux estimates derived using

methods based on steady-state calving front positions and the estimates derived from methods

that use a non-steady-state calving front position can differ, sometimes by up to 90 % (Wuite

et al., 2019). Time-dependent calving data are limited in availability and so steady-state

calving fronts are often assumed, especially for continent-wide applications, which can lead to

inaccurate estimations of the mass loss due to calving. Changes in calving front location that

occur on sub-decadal time scales are likely to enhance the difference in the ice shelf calving flux

estimates derived from the two methods (Liu et al., 2015; Wuite et al., 2019).

The amount of mass lost from ice shelves and floating glacier tongues that fringe the Antarctic

continent varies, due to the different iceberg production rates of different ice shelves (Rignot

et al., 2013; Depoorter et al., 2013; Liu et al., 2015). Iceberg production rates are not constant

but rather are temporally variable and so baseline observations of calving flux are required

in order to accurately differentiate between short-term calving events and longer-term trends

(Jacobs et al., 1992). To date, calving flux estimates have not considered temporal variability

in the calving flux, and tend to be based on relatively short temporal periods. For example,

Liu et al. (2015) only use observations of calving front location from 2005 to 2011 in their

calculation of calving flux estimates. As part of their study, Liu et al. (2015) calculate both the

steady-state calving flux and the non-steady-state calving flux for the majority of Antarctic ice

shelves with some large differences in the estimates they derived, such as for the Amery Ice Shelf

(35 ± 2 Gt/yr (steady-state) and 0.2 ± 0 Gt/yr (non-steady-state)). Given that that Amery

Ice Shelf did not produce any large icebergs between 2005 and 2011, it is not surprising that
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the non-steady-state calving flux estimate for this ice shelf is small. These findings highlight

the sensitivity of calving flux estimates to the time period of analysis. The observation-based

approach used by Liu et al. (2015) is, to date, the only continent-wide application that takes

into account non-steady-state calving front locations. The other continent-wide studies use

mass budget methods that assume steady state and do not include temporal changes in the

input datasets, such as ice velocity or thickness (e.g. Depoorter et al., 2013), suggesting that the

calving flux estimates produced by these methods are also only representative of a particular

time period.

Continent-wide estimations of calving flux often omit the smaller ice shelves and glacier tongues

(such as the Sørsdal Glacier’s ice shelf) so there are relatively few calving flux estimates avail-

able for such ice shelves. Observation-based methods also tend to be limited to periods when

there is frequent availability of satellite images, in order to avoid issues related to temporal

aliasing (e.g. Liu et al., 2015). This requirement for high temporal sampling frequency tends to

limit the period of analysis to after 1999, following the launch of NASA’s Landsat 7 satellite.

Improved delineation of calving front geometry, either from the use of higher resolution imagery

or from a technique that allows representation of increased detail, can lead to improved accu-

racy of calving flux estimates. For example, the level of detail of the calving front geometry

incorporated within flow line methods is limited to the width of the flow lines used (Liu et al.,

2015).

All these limitations need to be overcome in order to accurately estimate Antarctica’s mass

loss due to calving as well as the temporal and spatial variability of this loss. Part of the work

carried out in this thesis aims to develop an approach that overcomes the limitations of previous

studies and that can be used to quantify the calving mass flux of any ice shelf.

1.3.2 Drivers of Calving

Ice shelf calving is predicted to increase in the future (Golledge et al., 2019) so it is essential

to develop a complete understanding of the full range of mechanisms involved in calving (in

terms of the glaciological and environmental drivers of calving and the changes that may occur

within these drivers).

The formation of large tabular icebergs that periodically rift from ice shelves is the most recog-

nised form of Antarctic iceberg production (e.g. Fricker et al., 2002b; Joughin and MacAyeal,

2005; Lazzara et al., 2008; Howat et al., 2012; Massom et al., 2015). Rifts form and propagate

when the local stresses acting on cracks within the ice are greater than the strength of the ice

or its ability to resist fracture. Rifts are usually orientated orthogonal to the flow direction,

meaning they tend to form perpendicular to the direction of maximum tension (Glasser et al.,

2009), though they can also propagate inwards from the ice shelf calving front. Rifts are found

on many Antarctic ice shelves, such as the Ross Ice Shelf (Joughin and MacAyeal, 2005), the
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Amery Ice Shelf (Fricker et al., 2002b; Bassis et al., 2005; Walker et al., 2013), Pine Island

Glacier (Howat et al., 2012; Jeong et al., 2016), the Brunt Ice Shelf (De Rydt et al., 2018), and

the Larsen C Ice Shelf (Glasser et al., 2009; McGrath et al., 2014; Jansen et al., 2015).

Rifts tend to propagate slowly and episodically within ice shelves before becoming the de-

tachment boundaries of icebergs. Calculating propagation rates of rifts and identifying the

processes responsible for the varying propagation rates has been a key focus of previous glacio-

logical studies (Fricker et al., 2002b; Larour et al., 2004; Joughin and MacAyeal, 2005; Fricker

et al., 2005b,a; Bassis et al., 2005, 2007, 2008; Lazzara et al., 2008; Hulbe et al., 2010; Bassis

and Jacobs, 2013; Walker et al., 2013; Jansen et al., 2015; Massom et al., 2015; Walker et al.,

2015; Walker and Gardner, 2019). These studies have found that not all rifts respond to the

same stress field in the same manner and that structural heterogeneity within an ice shelf re-

lated to the mechanical properties of the ice can influence rift orientation and propagation rates

(Glasser and Scambos, 2008; Glasser et al., 2009; Jansen et al., 2013; Walker et al., 2013; Heeszel

et al., 2014; McGrath et al., 2014; Walker et al., 2015; Borstad et al., 2017; King et al., 2018;

De Rydt et al., 2018). Ice with heterogenous properties has been found in suture zones on ice

shelves, such as the Amery Ice Shelf (Fricker et al., 2002b), the Larsen B Ice Shelf (Glasser and

Scambos, 2008) and the Larsen C Ice Shelf (Glasser et al., 2009). Suture zones are longitudinal

flowbands comprised of ice that can be thinner, warmer and softer than the neighbouring me-

teoric ice (Glasser et al., 2009), making it greater able to resist fracture (Borstad et al., 2017).

Knowledge of which stressor is the primary driver of rift propagation (as well as the spatial and

temporal variability of that stressor) is a key requirement for understanding Antarctic ice shelf

calving regimes. Knowledge of all the initiation and evolution processes behind the formation

of rifts and other fractures, such as surface and basal crevasses, is also a key requirement for

an improved understanding.

Another style of calving, that has been observed on several ice shelves of the Antarctic Peninsula

(e.g. Larsen A, Larsen B and Wilkins ice shelves), is the rapid disintegration into plumes of

needle-shaped icebergs or mélange plumes (Massom et al., 2018). The disintegration of these

ice shelves occurred as the result of a complex combination of processes, including increased

surface melt ponding, reduced sea ice cover, ice shelf thinning, increased flexure, increased

fracture and the mechanism of hydrofracture.

Hydrofracture is the process whereby surface meltwater fills crevasses enabling the crevasses to

propagate downwards through the ice, eventually penetrating the full thickness of the ice shelf

(van der Veen, 1998b; Scambos et al., 2000). The water-filled crevasses are able to propagate

through the ice because water pressure at the tip of the crevasse is higher than the surrounding

cryostatic pressures, this allows tensile stresses to pull the ice apart, widening the crevasse

(van der Veen, 1998b). Hydrofracture has been identified as a vital process involved in the

disintegration of the Larsen B Ice Shelf that occurred over a 35 day period in 2002 and removed

an area of 3,370 km2 from the ice shelf (Scambos et al., 2000; Rott et al., 2002; Scambos et al.,
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2003; Rack and Rott, 2004; Glasser and Scambos, 2008; Banwell et al., 2013). Hydrofracture

has also been identified as the main cause of the disintegration of the Larsen A Ice Shelf in

1995 (Rott et al., 1996), and the Wilkins Ice Shelf in 2008 (Scambos et al., 2009). Linked to

the process of hydrofracture and the high volumes of surface meltwater is enhanced surface

and basal fracturing that is caused by the viscoelastic flexural response of the ice to the filling

and draining of the supraglacial meltwater lakes (Banwell et al., 2013; Banwell and MacAyeal,

2015).

Hydrofracture was just one mechanism involved in a complex series of interconnections that

lead to the ice shelf disintegrations. Several preconditions have been identified as having oc-

curred prior to the fracturing that caused the rapid disintegration-style calving events. The

first precondition was the availability of surface melt. The increase in surface meltwater has

been attributed to two factors. The first was an increase in the number of days with temper-

ature observations above 0◦C (melting degree days) due to increased air temperature over the

Antarctic Peninsula (Vaughan and Doake, 1996; Scambos et al., 2000; Fahnestock et al., 2002;

Morris and Vaughan, 2003; Scambos et al., 2003; Sergienko and MacAyeal, 2005; Fyke et al.,

2010).

The second factor contributing to increased surface melt relates to the increased frequency

and duration of foehn wind events (van den Broeke, 2005; Cape et al., 2015). Foehn winds

are characterised by increases in the air temperature and decreases in the humidity in the lee

side of a mountain range, relative to the windward side (Cape et al., 2015). The resulting

increased surface melt, in conjunction with initially impermeable firn, lead to the formation of

wide-spread supraglacial flooding and ponding (Scambos et al., 2003; van den Broeke, 2005;

Kuipers Munneke et al., 2014).

The strong relationship between surface meltwater and fracture dynamics has important im-

plications for the future stability of Antarctic ice shelves. Surface meltwater is predicted to

increase gradually and linearly into the future (Trusel et al., 2015), where it will start to reach

significant levels over the main Antarctic ice shelves, such as the Ross and Filchner-Ronne ice

shelves, around 2100 to 2300 (Fyke et al., 2010). Therefore, knowledge of the processes related

to surface meltwater production, storage and routing (Bell et al., 2018) and the role it plays in

the calving regimes of all Antarctic ice shelves, not just those found on the Antarctic Peninsula,

is also critical for predicting Antarctica’s future response to increased air temperature.

Another key precondition identified to be linked to the ice shelf disintegrations was ice shelf

thinning. The observed thinning of ice shelves has been suggested to be the result of two

processes: enhanced basal melting and firn compaction. Enhanced basal melting may have

resulted from the intrusion of warm ocean waters (such as circumpolar deep water) into the ice

shelf cavities or from seasonally warmed surface waters that reach the base of the ice shelves

(Jacobs et al., 1992; Stewart et al., 2019). Enhanced firn compaction was driven by melting
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and densification (Kuipers Munneke et al., 2014). Regardless of the forcing, ice shelf thinning

has been observed across the Larsen Ice Shelf (Shepherd et al., 2003; Rack and Rott, 2004; Vieli

et al., 2007; Holland et al., 2015), as well as on other Antarctic Peninsula ice shelves and those

along the Amundsen Sea region (Pritchard et al., 2009, 2012; Holland et al., 2015; Paolo et al.,

2015; Shepherd et al., 2018). Thinner ice shelves are more susceptible to break-up as a result

of the relationship between surface melt, fractures and ice shelf flexure, which can enhance

calving rates and reduce ice shelf stability (Banwell et al., 2013; Banwell and MacAyeal, 2015;

Liu et al., 2015; MacAyeal et al., 2015). This susceptibility of thinner ice shelves to fracture and

enhanced calving has important implications for the ice that is buttressed by the ice shelves,

as has been shown by the disintegration of ice shelves on the Antarctic Peninsula (Cook and

Vaughan, 2010). Understanding this relationship between ice shelf geometrical changes and

fracture enhancement is another key aspect to ice shelf calving regimes that needs to be more

fully understood.

The final precondition for the enhanced fracture that precedes disintegration-style calving is

a reduction in the regional sea ice cover which allows increased ice shelf flexure due to ocean

swell acting on exposed ice shelf fronts (van den Broeke, 2005; Massom et al., 2018). Increased

flexure can enhance and amplify fracture at the ice shelf margins as a result of increased strain

and the resulting cumulative shelf-front fatigue, which eventually weakens the ice shelves to the

point of calving (Holdsworth and Glynn, 1981; Massom et al., 2018). On the Larsen B Ice Shelf,

pre-existing extensive lines of weakness, such as rifts (driven by hydrofracture) and crevasses,

created narrow parallel blocks at the calving front (Vieli et al., 2007; Khazendar et al., 2007;

Glasser and Scambos, 2008). Bending stresses, due to buoyancy forces, acted upon these pre-

existing fractures leading to the calving of sliver-bergs (MacAyeal et al., 2003; Scambos et al.,

2003, 2009). The removal of these sliver-bergs and their associated stabilising compressive arch

(Doake et al., 1998), initiated a chain reaction that was driven by the stored potential energy

from the supraglacial meltwater in lakes and crevasses, culminating in ice shelf disintegration

into a mélange plume of needle-shaped icebergs (Massom et al., 2018). The disintegration of

the Larsen B Ice Shelf shows the strong relationship between sea ice cover (or lack thereof), ice

shelf flexure and fracture development. Therefore, understanding the role that sea ice plays in

the calving regimes of other Antarctic ice shelves is needed to build up a picture of the regional

variation in the sensitivity of ice shelves.

In addition to rifts and surface crevasses, basal crevasses have also been identified as being

important sites of weakness across ice shelves and so potentially play an important role in ice

shelf calving processes and ice shelf stability (Humbert and Steinhage, 2011; Luckman et al.,

2012; McGrath et al., 2012a,b; Humbert et al., 2015; Cook et al., 2018b). Basal crevasses are

regions where the ice shelf is locally thinner and therefore are locations for enhanced fracture

propagation (Jezek, 1984; Holland et al., 2009). The distribution of basal crevasses on all

Antarctic ice shelves is not well known, though they have been hypothesised to be prevalent
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(Luckman et al., 2012). The work of Wesche et al. (2013) maps surface features and their

orientations but does not determine what these features are, nor their origin. Further work to

map the location of all fractures around Antarctica as well as their initiation locations, and to

assess the roles the fractures play in iceberg production, is required in order to determine the

spatial distribution of the glaciological drivers of ice shelf calving.

There is a distinct lack of research into the calving processes of small Antarctic ice shelves as

there is a stronger focus on the ice shelves that are rapidly changing (e.g. Thwaites Glacier),

those that have disintegrated (e.g. Larsen B Ice Shelf) or those that produce large tabular

icebergs (e.g. Amery Ice Shelf). Given that ice shelf change is regionally diverse it is crucial to

recognise and assess this diversity. East Antarctica has previously been thought to be relatively

stable, but that is no longer the case. Increased surface melt has been observed (Lenaerts et al.,

2016; Stokes et al., 2019), and negative mass balances have been calculated for ice shelves along

the Wilkes Land coastline in particular (Liu et al., 2015). Therefore, an understanding of the

processes that are currently involved in the calving regimes of East Antarctic ice shelves will

allow development of baseline knowledge from which changes can be identified. The work

conducted in this study aims to identify the key drivers involved in iceberg production from

a small East Antarctic ice shelf, that will provide baseline knowledge on these drivers, as well

as how they interact and evolve over time. The final section of this work will investigate

commonly-used calving laws and their parameterisation of the identified drivers of the calving

regime.

1.3.3 Parameterisation of Calving

Calving laws parameterise the influence of fractures on ice flow and are implemented within ice

sheet models in order to represent changing calving front position and/or the rate of ice shelf

mass loss due to calving (e.g. Benn et al., 2007a; Nick et al., 2010; Levermann et al., 2012;

Borstad et al., 2012). The majority of the calving laws that are currently available originated

from investigations that focussed on idealised, single or several, real world ice shelf or glacier

geometries, with a heavy focus on Greenland’s tidewater glaciers (e.g. Hughes, 1992; Amundson

and Truffer, 2010; Vieli et al., 2001; Benn et al., 2007a; Nick et al., 2013). Several studies have

developed and applied calving laws to Antarctic ice shelves (e.g. Alley et al., 2008; Bassis,

2011; Levermann et al., 2012; Bassis and Jacobs, 2013). Only the work of Choi et al. (2018)

has applied multiple calving laws to multiple (Greenlandic) outlet glaciers. To date, no such

comparative multiple calving law study has been performed on Antarctic ice shelves. Therefore,

the suitability of calving laws to represent the main mechanisms involved in Antarctic ice shelf

calving (e.g. rifting, hydrofracture and the influence of basal crevasses) has not been specifically

analysed.

Given that many of the early calving laws were developed for tidewater-glacier calving processes
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the physics on which they are based (e.g. water depth criteria (Reeh, 1968; Brown et al., 1982;

Meier and Post, 1987; Pelto and Warren, 1991; Hughes, 1992) or ice thickness criteria (Pfeffer

et al., 1997; Amundson and Truffer, 2010)), can be quite different compared to the physics that

is needed to accurately represent Antarctic calving processes. In addition, each calving law

has a set of assumptions based on the physics that underpin the calving law. Therefore, the

success of calving laws at predicting the calving rate or the calving front position of a particular

Antarctic ice shelf is strongly determined by the physics upon which the law is based, and how

well this physics captures the calving dynamics and mechanisms of that particular ice shelf

(Massom et al., 2015). Whether or not the influence of key mechanisms, such as rifting, surface

melt and basal crevasses, is explicitly incorporated or allowed for, will determine the success

of the calving law. These key mechanisms do not act in isolation, rather calving processes are

intricately linked with other factors, such as ice shelf geometry and/or atmospheric and oceanic

forcing (Bassis and Jacobs, 2013; Massom et al., 2018). These connections mean that there

is the need to understand other aspects, such as ice shelf thickness changes, grounding line

migration, as well as surface and basal melting and refreezing processes (Benn et al., 2007b;

Moore et al., 2013).

Each calving law is based on a specific set of physics and assumptions and so not all calving

laws are applicable in all situations, therefore knowledge of which ones are the best suited to

represent Antarctic calving processes will be useful to the glaciological community, particularly

those estimating Antarctica’s contribution to sea level change. Calving laws are included as

boundary conditions within ice sheet/ice shelf models and so there is a need to establish a solid

foundation of fracture and ice shelf calving parameterisation. This will allow the creation of

robust and flexible calving laws, which is important as the choice of calving relation adopted in

a numerical model impacts the modelled behaviour and stability of the modelled glacier or ice

shelf (Nick et al., 2010). Therefore, robust calving laws are critical for reducing the uncertainty

in mass loss estimates as well as for predicting the sensitivity of ice shelves in response to

changes (Benn et al., 2007b).

The work conducted in this study aims to test the performance of three commonly-used calving

laws on the ice shelf fed by the Sørsdal Glacier. The calving laws to be applied include eign-

calving (Levermann et al., 2012), the crevasse-depth model outlined in Nick et al. (2010), and

a damage criterion (Borstad et al., 2012). The results of this work will be valuable to the wider

glaciological community as this work is likely to be the first comparative calving law study for

an Antarctic ice shelf.

1.4 Introducing the Sørsdal Glacier Ice Shelf Region

The Sørsdal Glacier flows approximately westward, draining the Ingrid Christensen Coast of

the East Antarctic Ice Sheet into Prydz Bay (Figure 1.4). The Sørsdal Glacier has a floating
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extension that is approximately five to eight km wide by 20 km long (68.7◦S, 78.1◦E), and is

referred to here as the Sørsdal ice shelf. The ice shelf lies on the southern edge of the Vestfold

Hills, some 10 km from Davis Station, an Australian Antarctic base (Figure 1.5). To the south

of the ice shelf are the Rauer Group of islands. Further (150 km) to the south-west is the

Amery Ice Shelf (Figures 1.4 and 1.5). The Sørsdal ice shelf and the ice immediately flowing

into the ice shelf are part of a large ablation zone that is driven by dry katabatic winds and

enhanced summer melting due to the reduced albedo of the ice surface (Hui et al., 2014).

Figure 1.4: Location of the Sørsdal Glacier and its ice shelf in relation to other ice shelves that
are situated along the Ingrid Christensen Coast of East Antarctica. This figure, and all the
figures in this thesis that show the Sørsdal ice shelf region, use a coordinate system based on a
polar stereographic projection on the WGS84 ellipsoid, which has its origin at the geographic
South Pole. The northings and eastings axes are aligned orthogonal, with the eastings aligned
along the 90 ◦E and northings along the 0 ◦E meridians. The standard parallel is set to -71.0
◦N.

As of 2015, relatively little was known about the Sørsdal Glacier and its ice shelf, in terms of

the position of the grounding line, the shape of the cavity beneath the ice shelf, the thickness

of the ice, the size of the catchment feeding the ice shelf, and the locations where the ice shelf
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Figure 1.5: The location of the Sørsdal ice shelf between the Vestfold Hills and Rauer Group.
The red line is the MEaSUREs v.2 grounding line position. The location of the instrumentation
site S02 and the site of an AWS, both referred to in the text, are identified.

was pinned at its margins. Also little was known about the calving regime, in terms of how

icebergs are produced and how frequently. Previous work conducted on the glacier has focussed

on strain rates, crevasse patterns and flow velocities in the grounded ice region of the northern

margin, in order to investigate the relationship between strain rate and fracture initiation and

propagation in a region of fast flowing ice (Corvino and Collier, 2002; Patrick et al., 2003).

More recently, several projects have focussed on other aspects of the ice shelf. An Australian

Antarctic Science project entitled ‘Outlet Glacier Dynamics in Princess Elizabeth Land’ in-

vestigated the dynamics of supraglacial meltwater lakes over several seasons (2015 − 2018)

to determine their connection to the observed velocity field. As part of this project a series

of Global Positioning System (GPS) stations was installed on the ice shelf to determine the

ice surface elevation and ice flow velocity. Autonomous phase-sensitive Radio-Echo Sounder

(ApRES) units were also deployed to derive observations of ice shelf thickness (Cook et al.,

2018c). Data from a GPS unit and an ApRES unit, both installed at site S02 were used within

this thesis, as well as observations from an Automatic Weather Station (Figure 1.5). Ground

penetrating radar data revealed the presence of englacial drainage structures on the floating
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section towards the grounding line (Schaap et al., 2019), and active seismic studies showed that

the grounding line position in the Making Earth System Data Records for Use in Research

Environments (MEaSUREs) v.2 grounding line dataset (Rignot et al., 2016) is an appropriate

representation of the grounding line position. In the summer of 2018/2019, the University of

Tasmania’s Autonomous Underwater Vehicle (AUV), the nupiri muka, was deployed in front

of the ice shelf and oceanographic conditions were measured adjacent to and beneath the ice

shelf. The results of this investigation found that the water body in the the ice shelf cavity was

cold and relatively salty (>34.5, on the Practical Salinity Scale (Pawlowicz, 2010)) indicative

of Winter Water and Dense Shelf Water, and that a deep (∼ 1200 m) trough ran into the ice

shelf cavity (Gwyther et al., 2020). Additional modelling by Gwyther et al. (2020) showed

weak basal melt rates that were explained by the presence of a homogeneous layer of cold dense

water that acted to block access to the cavity by warmer off-shelf waters.

The spatial datasets and analyses implemented within this work used a coordinate system

based on a polar stereographic projection on the WGS84 ellipsoid, which has its origin at

the geographic South Pole. The northings and eastings axes are aligned orthogonal, with the

eastings aligned along the 90 ◦E and northings along the 0 ◦E meridians. The standard parallel

is set to -71.0 ◦N. This commonly-used projection is otherwise known as European Petroleum

Survey Group code 3031 (EPSG:3031).

1.5 Research Aims

The aims of the work presented in this thesis were threefold:

1. To quantify the calving flux of the Sørsdal ice shelf between 1972 and 2017;

2. to identify the drivers of the Sørsdal ice shelf calving regime (i.e. the glaciological and

environmental forcings); and

3. to test the applicability of commonly-used ice shelf calving laws to the Sørsdal ice shelf.

The overall motivation of the work is to develop a full understanding of the calving regime of the

small Antarctic ice shelf that is fed by the Sørsdal Glacier. The smaller Antarctic ice shelves are

often overlooked by continent-wide applications, by studies that focus on ice shelves exhibiting

dramatic change or by studies that focus on the ice shelves that have a potential to contribute

significantly to global sea level rise. However, it is vital for accurate estimation of Antarctica’s

contribution to sea level rise that a baseline knowledge is developed for all Antarctic ice shelves,

regardless of their size or behaviour. Better characterisation of these less-studied ice shelves

may shed light on previously unknown drivers of calving and studies of these ice shelves may

identify key mechanisms that are relevant for the calving regimes of other larger and more

dynamic ice shelves.
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Quantification of the calving flux and identification of the drivers of calving will provide baseline

knowledge regarding the vulnerability of smaller ice shelves, such as the Sørsdal ice shelf, to

changes in the drivers of their calving regime. Knowing the mechanisms of calving combined

with numerical model inversion analyses will allow an insight into the suitability of applying

calving laws, that are currently used in ice shelf models, to the Sørsdal ice shelf. Understanding

the calving dynamics of smaller Antarctic ice shelves will allow them to be more accurately

represented in these ice sheet/ice shelf models. This will enable better quantification of the

mass loss from the Antarctic Ice Sheet, improving estimates of global sea level rise.
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1.6 Format of the Thesis

The thesis is structured as follows:

� Chapter 2 outlines a new approach that was developed in order to calculate the long-term

average calving mass flux of an Antarctic ice shelf. This approach overcame many of the

limitations of other studies and was applied to the Sørsdal ice shelf. The application of

this method to the Sørsdal ice shelf highlighted the importance of choosing appropriate

temporal baselines, or the time period separating satellite images, for observation-based

approaches of calculating calving mass flux.

� Chapter 3 identifies the drivers of the Sørsdal ice shelf calving regime, and determines

the influence of glaciological and environmental drivers. A conceptual calving model was

created that highlights a complicated relationship between rifts, basal crevasses and basal

channels. A key finding from this work is that surface melt, though abundant on the

Sørsdal ice shelf, does not play a role in calving and that changes in the calving regime

were likely driven by changes in subglacial meltwater routing near the grounding line.

� Chapter 4 applies three commonly-used calving laws to the Sørsdal ice shelf to test their

applicability to this ice shelf. All of the model experiments were found to be sensitive to

the input datasets and the results of the rigidity inversion. Model geometry also had a

strong influence on the model results, highlighting the fact that pinning points caused a

break-down in the assumption of hydrostatic equilibrium.

� Chapter 5 presents the overall conclusions and suggests directions for further work.

Appendix A includes a list of the satellite images and their date of acquisition used within the

Sørsdal ice shelf calving flux estimation.



Chapter 2

An Observation-Based Approach to

Calculating Ice Shelf Calving Flux

2.1 Introduction

Recent estimates show that both the Antarctic and Greenland ice sheets have been losing mass

since the mid 1990s, with considerable spatial and temporal variability in their rates of mass

change (Bamber et al., 2018; Shepherd et al., 2018; The IMBIE team, 2018; Mottram et al.,

2019; Rignot et al., 2019). Between 1992 and 2017 the mass lost from the Antarctic Ice Sheet

increased mean sea level by 7.6 ± 3.9 mm (The IMBIE team, 2018), and Greenland added

11.8 ± 5.8 mm between 1991 and 2015 (Mottram et al., 2019). Contributions to sea level from

both ice sheets have been accelerating due to increasing discharge of grounded ice (Enderlin

et al., 2014; Gardner et al., 2018). In Antarctica, more mass is lost from ice shelves through

basal melting than through iceberg calving, by a factor of two (Liu et al., 2015; Rignot et al.,

2013). In Greenland, iceberg calving and related processes cause only approximately one third

of the ice loss with surface runoff being the largest source of mass loss (Enderlin et al., 2014;

van den Broeke et al., 2016). Though iceberg calving is not the primary source of mass loss from

either ice sheet it is still a fundamental mass balance component that needs to be accurately

quantified.

Calculating the mass loss from tidewater glaciers or ice shelves due to iceberg calving has been

a key focus of glaciology for the past five decades. Though there are many ways to express the

ice loss due to iceberg calving there are two key quantities: the calving rate and the calving

flux (which are described in detail in Section 2.1.1). The calving rate is defined as the vertically

averaged glacier velocity minus the change in glacier length over time (Benn et al., 2007b). The

calving flux is an extension of the calving rate as it is the mass of ice that calves per unit of time

and so incorporates ice thickness and ice density values (e.g. Dowdeswell et al., 2008; Depoorter

et al., 2013). The calving rate and calving flux quantities encompass iceberg characteristics,

20
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such as size and shape.

Iceberg production rates vary considerably in both space and time as a consequence of the

complex interactions between all the mechanisms that cause icebergs to form. In order to

determine whether the calving flux of a tidewater glacier or ice shelf is changing, it is first

essential to determine the long-term average/baseline calving flux (Fricker et al., 2002b). The

long-term average calving flux of an ice shelf is the calving flux that occurs when the ice shelf

is in steady state, meaning that there has been no change in the areal extent, ice thickness or

density of that ice shelf (Liu et al., 2015). As a consequence, the steady-state iceberg calving

flux is the calving flux needed to maintain a constant calving front location (Depoorter et al.,

2013; Rignot et al., 2013).

The different mechanisms of iceberg calving from Greenland’s tidewater glaciers and Antarctic

ice shelves require different methods of calculating calving rates or fluxes. Tidewater glaciers

produce numerous small icebergs through multiple calving events that can occur within hours,

whereas many Antarctic ice shelves typically produce large tabular icebergs over many years

(Fricker et al., 2002b; Benn et al., 2007b; Lazzara et al., 2008; Bassis, 2011). There are multiple

ways of estimating mass loss due to calving (e.g. Benn et al., 2007a; Rignot et al., 2013; Liu

et al., 2015). The methods used depend on the type of calving and what datasets are available,

as well as the time period over which the calving rate or flux is calculated.

2.1.1 Methods For Calculating Mass Loss Due to Calving

Calving rate/flux calculation methodology can be divided into those that take into account

frontal change (i.e. account for length or area change over time) and those that do not. Ap-

proaches that allow for movement of the calving front in turn allow for non-steady-state glacier

or ice shelf behaviour characterisation. This section will review some of the commonly-used

approaches to estimating the calving rate and calving flux, either accounting for calving front

location change or not.

Knowledge of the Calving Front Location (CFL) is needed in order to a) map the glacier or

ice shelf extent; b) derive the change in glacier area; c) estimate calving rates, and d) can be

used as a model domain boundary (Mottram et al., 2019). Monitoring the change in CFL over

time is often done using a time-series of satellite imagery and can be used to determine if the

glacier or ice shelf is in steady state. Identifying and characterising the natural cyclic pattern

of calving upon which any broader changes are imposed is crucial (Frezzotti, 1997; Benn et al.,

2007b; Seale et al., 2011; Miles et al., 2016), and a time-series of calving front locations can be

a useful tool for achieving this.

Mapped CFL changes give the change in length of a glacier or ice shelf which, along with

velocity, is used to estimate the calving rate Uc (Equation 2.1). The calving rate is the difference

between the depth averaged ice velocity at the calving front (ŪT ) and the change in glacier
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length (L) over time (t) (Benn et al., 2007a). A common method of calculating the calving

rate,

Uc = ŪT −
∂L

∂t
, (2.1)

requires the position of the calving front to be known at different times (∂L/∂t) and is typically

in km/yr or m/day. Often the calving front locations are identified from satellite images taken

a year or so apart to obtain an annual average (Liu et al., 2015). If the calving front retreats

during this time then the calving rate is greater than the ice velocity (and conversely for an

advance). Thus, the calving rate shows the close link between calving losses and the speed at

which ice is delivered to the calving front.

Luckman et al. (2015) applied the approach shown in Equation 2.1 to several tidewater glaciers

of Svalbard in order to estimate the rate of frontal ablation (which is a combination of subaerial

and subaqueous calving and submarine melting). Using a dense time-series of satellite images

they obtained the change in glacier length from regular measurements of calving front location

and used this in conjunction with ice velocities to estimate frontal ablation. Schild et al. (2018)

measured the change in terminus position and calculated glacier velocities for their study that

delved further into the submarine melt processes that drive calving of Svalbard’s tidewater

glaciers.

Some methods of calculating the calving flux also incorporate observed frontal change, giving

the volume flux of the icebergs produced by calving (Dowdeswell et al., 2008). For example,

Hagen and Reeh (2004) define the iceberg volume calving flux Mc, in km3/yr, as:

Mc = 2WH
N∑
y=0

bi/T , (2.2)

where bi (in metres) represents the retreat of the calving front location due to the break-off of

icebergs. This bi value is averaged over the width of the calving front (2W , where W is the

half width). H is the ice thickness averaged over the width of the calving front. Mc is observed

over a period of time (T ) that is larger than the mean interval separating major calving events.

However, it is seldom feasible to observe individual bi events, so methods that calculate the

calving flux assuming a steady-state calving front location have been developed instead, these

are discussed in a following paragraph.

The CFL can also be used to derive the change in area of the ice shelf within a specified

bounded region or box (Moon and Joughin, 2008; Moon et al., 2015; Jensen et al., 2016). The

changes in area within a box can be used to infer calving behaviour as a result of the increase

or decrease in areal extent of the ice shelf or glacier (e.g. Jensen et al., 2016). Alternatively,
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the areal change can be used to quantify the mass loss due to calving:

C = AcHcρi , (2.3)

as done by Liu et al. (2015). Calving (C), in Gt/yr, is found using the annual cumulative

calved area (Ac), the mean ice thickness of the area lost due to calving (Hc), and the mean

ice density (ρi). The Ac is derived using manually digitised calving fronts from consecutive

satellite images, one prior to calving and the other acquired after calving. To account for the

advection of ice, the calving area detection method requires the geometry of the calving front

after calving to be identified (traced) from feature tracking within the image acquired prior to

calving. The new calving front is then spatially shifted to match this feature tracked line and

the calving area is detected. This method requires the presence of visible rifts and other surface

features that can be matched between the two images.

To deal with ice shelves that had no visible surface features as well as accounting for the

advection of ice, Liu et al. (2015) incorporated a flow line method that estimated ice front

movements in the absence of calving and did not require manual delineation of the CFL.

Liu et al. (2015) adopted this method of recording annual calving events along with mass

balance estimates in an attempt to avoid the assumption of steady-state calving fronts for their

estimation of mass loss from Antarctic ice shelves between 2005 and 2011.

In comparison to the approaches described above, alternative methods exist for calculating

the calving flux without requiring knowledge of the CFL. These approaches tend to assume a

steady-state geometry and location of the calving front, and require only the ice thickness and

ice velocity across the glacier or ice shelf width (e.g. Depoorter et al., 2013; Rignot et al., 2013;

Rott et al., 2018).

The mass flux (F ) across a gate of width Y (m) at the calving front can be calculated using

FY = ρi

∫ Y

0

[um(y)H(y)]dy , (2.4)

as outlined by Rott et al. (2018). Where ρi is the density of ice, um is the mean velocity of the

vertical ice column perpendicular to the gate, and H is the ice thickness. The resulting mass

flux is measured in Gt/yr.

Limitations of Current Approaches

Approaches that take into account the CFL require satellite imagery of appropriate temporal

and spatial resolution. Very dense time-series of satellite imagery have successfully captured

the variation in calving front locations for frequently-calving tidewater glaciers (e.g. Luckman
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et al., 2015; Mottram et al., 2019). However, Antarctic ice shelves tend to produce large tabular

icebergs after extended periods of calving quiescence, which can last from months to decades

(Fricker et al., 2002b; Giles, 2017). For example, Fricker et al. (2002b) estimated the calving

cycle for major icebergs from the Amery Ice Shelf to be ∼ 60 − 70 years, and given that the

ice shelf calved on September 26 2019, this can be modified to 55 − 70 years (Fricker, H. A.

pers. comms., 30 September, 2019). This low calving frequency suggests that, for some ice

shelves, a suitable time-series of satellite imagery would need to span many decades in order to

accurately estimate the calving flux and to determine the non-steady-state behaviour of some

Antarctic ice shelves (Liu et al., 2015; Mottram et al., 2019).

The estimated calving rates or fluxes are sensitive to the start and end dates chosen from the

satellite time-series, as these determine the rate of length change from the locations of the calv-

ing fronts (Rott et al., 2018; Mottram et al., 2019). This sensitivity suggests that the temporal

resolution of the calving front time-series has to be high enough to avoid temporal aliasing,

which is when the satellite observation frequency is insufficient to capture the cyclic nature of

the calving front position (Liu et al., 2015). Further to having frequent CFL observations within

the time-series, the imagery itself needs to be of a sufficient spatial resolution to capture any

calving front geometry changes (Luckman et al., 2015) or to clearly show any surface features

(if they are present) for feature tracking methods (Liu et al., 2015).

Methods that do not manually produce CFL but use automated approaches to delineating

changes in the position of the calving front are also subject to limitations. The flow line

approach implemented by Liu et al. (2015) incorporates methods to mitigate convergent and

divergent flow that causes overlap of the flow lines at the grounding line. Liu et al. (2015)

find issues of convergent and divergent flow are located where there is complex grounding line

geometry and correct for these issues before they propagate to the calving front where they

would influence the derived calving front location and the calving flux estimate.

In an attempt to overcome the limitations of previous methods we propose here an approach

that combines a time-series of calving front locations with a flux gate method. This approach

involves the creation of a unique semi-temporal domain as a mechanism to deal with long

separation periods between images within the time-series, and the resulting unseen advection

of ice during these times. In addition, this method captures the variation in calving front

geometry as well as calving events of all sizes that are visible in the satellite images. The

new approach is applied to a small ice shelf in East Antarctica that frequently produces small

tabular icebergs.
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2.2 Calculating Ice Shelf Calving Flux Using Calving

Front Locations to Constrain a Flux Gate Approach

The limitations discussed in the previous section indicate that a method of calculating the

calving flux is required, that mitigates temporal aliasing (due to limited satellite imagery avail-

ability) at the same time as allowing for a non-steady-state calving front position. This section

introduces and outlines a unique observation-based approach, that combines a time-series of

calving front locations with a flux gate method in order to quantify the mass loss due to iceberg

calving.

The key input datasets required include ice velocity and ice thickness over the floating portion

of the ice and a time-series of calving front positions. Incorporated into this new approach is

a typical flux gate that spans the width of an ice shelf, where the ice thickness and surface

velocities are known (both of which vary along the flux gate). In addition to this, a time-series

of CFLs is produced from satellite imagery. A unique semi-temporal domain is created in

order to account for the advection of ice. The calving mass flux is then calculated using this

semi-temporal domain, the calving front locations, as well as the ice flux through the flux gate.

The ice flux is calculated using ice thickness observations and a constant column-averaged ice

density estimate. There are two central steps to this approach: the initial processing and the

satellite image pair comparisons.

Initial Processing:

The first and most important step requires situating the calving front location from each image

within the semi-temporal domain. In order to achieve this, a flux gate first needs to be placed at

an appropriate location near the calving front, spanning the ice shelf in an orientation normal

to ice flow. For this approach the flux gate should be segmented along its length into small

enough segments that capture not only the variation in ice thickness and surface velocity across

the width of the ice shelf, but primarily allow accurate representation of the complex geometry

of the calving front. The next step is the creation of the semi-temporal domain, this uses the

location of the flux gate as the x axis and the y axis is created using the number of days between

the pair of satellite images (Figure 2.1). The length of each grid cell (corresponding to a single

day) is multiplied by the surface velocity. Therefore, it is not a uniformly spaced grid in the y

direction, instead the length of the flux gate segments are allowed to vary. This modification

ensures that the spatial variation in velocity along the flux gate is taken into account, which

then ensures that the geometry of the ice shelf calving front remains constant over the time

separating the two images. This is critical when considering a pair of images that are separated

by a very long time, such as decades apart. An example of the transition from a spatial domain

to a semi-temporal domain is illustrated in Figure 2.1. Slow moving ice along the margin of
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the ice shelf that intersects the flux gate at point B has higher values of days past the flux gate

(shown in Figure 2.1 as years past the flux gate) than the faster moving ice in the centre of the

ice shelf.

Figure 2.1: A schematic representing the transition from a domain based on northings and
eastings (m) shown in A) to the semi-temporal domain where the x axis is in metres but the y
axis is in time past the flux gate (years in this example), shown in B). The purple line is the
flux gate that stretches across the ice shelf from A to B, the blue line is the digitised calving
front, and the black arrows represent the direction of flow as indicated by the velocity field. The
varying lengths of the black arrows represent spatial variation within the velocity field across
the ice shelf. The satellite image in Panel A is a Landsat ETM+ image acquired 2003-01-24
and shows the Sørsdal ice shelf.

The use of a semi-temporal domain allows the expected position of the calving front to be

mapped at 10 or 20 years from the initial position identified in the initial (or oldest) satellite

image in the image pair. If, in that 10 year period, the calving front moved forward from its

initial position but then calved back to exactly that same initial position in the final image,

then there is no way from the satellite imagery to account for the ice advection. Using the semi-

temporal domain and estimating the calving front location given the time separation between

images in conjunction with ice velocity, overcomes this issue. The calving front locations within

the semi-temporal domain are now expressed in time past the flux gate (e.g. days).

The second step within the initial processing stage relates to calculating the mean daily mass

flux (fj) in kg/day for each segment along the flux gate using the equation

fj = ρiHjvjcosθ ·∆x . (2.5)
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The cross sectional area of each segment along the flux gate is derived from the width of

the segment (∆x) multiplied by the ice thickness at that segment (H) and corrected using θ,

the angle from the flux gate normal to ice flow direction (derived from the velocity dataset).

The cross sectional area is multiplied by the daily velocity magnitude (vj, in m/day), and the

column-averaged ice density (ρi) to give the mean daily mass flux (fj). All that is left is to

predict where the calving front should be if no calving had occurred and compare this to the

observed calving front position to find the mass that has calved.

Image Pair Comparisons:

For each pair of satellite images there is an initial image, this is the first available of the two

images. Once the calving front location from this image is placed into the semi-temporal domain

it becomes CFLt0, with known days past the flux gate (y axis length). The newer or most

recently acquired satellite image once taken into the semi-temporal domain becomes CFLt1,

again with known days past the flux gate (Figure 2.2).

Figure 2.2: A schematic of the proposed approach that combines a flux gate (A-B) with the
initial, final and expected calving front locations. The cube shaded red represents the mass
loss due to calving.

In order to account for ice advection that occurs between the acquisition dates of the two

satellite images, the expected calving front location CFLEt1 (in days past the flux gate) shows

the potential position of the calving front if no calving occurs between the two satellite images

(Figure 2.2). The number of days between the satellite images is used, in essence, to push

the calving front from the first image (CFLt0) forward in time, and in doing so, represents ice

advection.

Since the ice velocity is already incorporated in the y axis of the semi-temporal domain it is

already capturing the spatial variation in ice flow speed along the flux gate. This variation in
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ice velocity would cause certain sections of the calving front to extend further past the flux gate.

This accurate representation of the calving front geometry is very important when calculating

the net calving days for each segment (tc), where

tc,j = CFLEt1,j − CFLt1,j . (2.6)

The net calving days represents the difference between the expected calving front location

(CFLEt1) and the observed (final) calving front location in the more recent satellite image in

the pair (CFLt1). The calved mass per segment cj (in kg) is then derived from the net calving

days (tc,j) and the mean daily mass flux at each flux gate segment (fj)

cj = tc,j · fj . (2.7)

Following on from Equation 2.7, the calving mass flux C (in kg/yr or Gt/yr) results from

summing all the calved mass per segment values and converting the result to a rate

C =

N∑
j=1

cj

∆t
, (2.8)

where N is the number of segments along the flux gate and ∆t is the number of days between

the satellite images.

Assumptions Of This Approach

Central to this approach is a high quality velocity dataset. Any errors in the velocity estimates

will be transmitted through to the overall calving mass flux estimate. Hence, it is beneficial

to use an accurate, high resolution velocity field that captures the spatial variation in ice flow

velocity. The key assumption is that the ice flow velocity values are constant and do not change

over the duration of the time-series of satellite imagery. This may not be an applicable assump-

tion to apply to ice shelves or glaciers that are rapidly responding to changing environmental

conditions. Therefore, in these situations multiple velocity datasets that accurately capture the

velocity at the time of imagery acquisition could be incorporated to mitigate this issue. The

same can be said for ice thickness estimates along the flux gate, with multiple ice thickness

estimates being advantageous. Though changes in ice thickness beyond the flux gate do not

influence the mass flux estimates using this method, changes in the ice thickness at the flux

gate are important. Processes that influence ice shelf thickness, such as surface accumulation

and ablation as well as basal melting and refreezing, may not be constant, particularly over

long periods of time. Therefore, using a time-series of ice thickness datasets would aid in reduc-

ing over- or under-estimation of the calving mass flux. This approach allows for complicated
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calving front geometry, long periods with no available satellite imagery, limited visible surface

features and also allows for the dynamics of a non-steady-state calving front position.

2.3 Applying the Approach to the Sørsdal Ice Shelf, East

Antarctica

To test the applicability of the new approach described in the previous section, it was applied

to the Sørsdal ice shelf, a small ice shelf in East Antarctica that is fed by the Sørsdsal Glacier.

The Sørsdsal ice shelf is a suitable test case as satellite imagery indicates that it frequently

calves small tabular icebergs. The following sections outline the datasets and methods used to

estimate the calving flux of the Sørsdal ice shelf.

2.3.1 Initial Processing

Flux Gate

The flux gate was positioned across the calving front of the Sørsdal ice shelf to be approximately

normal to ice flow and to be situated far enough up-glacier to capture the minimum possible

calving front location of the ice shelf (Figure 2.3). The ∼ 6.5 km long flux gate was then

segmented into 15 m increments to allow accurate representation of the complex calving front

geometry and to capture the spatial variation in ice thickness and ice flow across the ice shelf.

Semi-Temporal Domain

The semi-temporal domain described in the previous section uses the flux gate location as

the x axis and the y axis is defined in days past the flux gate. The calculation of days past

the flux gate requires the surface velocity at each segment along the flux gate. Initially, the

Making Earth System Data Records for Use in Research Environments (MEaSUREs) v.2 ice

flow velocity dataset (Rignot et al., 2011; Mouginot et al., 2012; Rignot et al., 2017) was used

in the creation of the semi-temporal domain. The MEaSUREs dataset has a grid resolution of

450 m x 450 m. A GPS station (S02) located on the floating section of the Sørsdal ice shelf

at 482013 mN, 2289263 mE (Figure 1.5) from December 2015 until January 2017 indicated a

mean velocity of ∼ 320 m/yr (C Watson, pers. comms., 29 May 2017), compared to the 316

m/yr estimate from the MEaSUREs dataset for this location.

An attempt was made to improve upon the 450 m spatial resolution of the MEaSUREs veloc-

ity dataset using velocities derived from the process of Image Cross Correlation (IMCORR).

IMCORR was trialled using several pairs of Landsat 8 Panchromatic Band 8 images (at 15m

resolution) from 2014 and 2015. Suitable image pairs were selected that were separated by a

time interval that was large enough to allow the slowest features on the ice shelf to have moved
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Figure 2.3: A Sentinel-2 satellite image acquired 2019-01-13 showing the Sørsdal ice shelf with
a selection of the digitised calving front locations overlaid. These lines show the minimum and
maximum calving front location within the satellite time-series that spans from 1972 until 2017,
as well as a range of calving front geometries. The purple line is the chosen location for the
flux gate that stretches across the ice shelf from point A to B.

by a distance equivalent to several pixels (Scambos et al., 1992). Unfortunately, it was found

that there were large regions where no velocity values could be obtained using this combina-

tion of imagery type and technique, as the IMCORR process failed to find velocity values over

smooth regions of the Sørsdal ice shelf. In addition, the spacing of the derived velocity values

was too coarse to produce a satisfactory interpolated surface and so this method was deemed

not suitable for the requirements of this calculation.

An alternative surface velocity dataset was created by I. Joughin using TerraSAR-X im-

agery (provided by the German Space Agency (DLR)), with a speckle-tracking algorithm

that accurately captured the variation in ice velocity (Joughin, 2002; Joughin et al., 2018).
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The TerraSAR-X images that were used were acquired eleven days apart (02/07/2017 and

13/07/2017) and had a resolution of ∼ 1-2 metres. Cross-correlation and further averaging to

reduce the noise resulted in dataset with a spatial resolution of ∼ 300 metres, which was then

resampled to 125 m spatial resolution. The mean surface velocity error is ∼ 11 m/yr, with ad-

ditional errors due to the uncompensated vertical motion from tides, which may be erroneously

interpreted as horizontal motion. The mean surface velocity error was derived from adding, in

quadrature, the errors in the x and y directions (1.7 m/yr and 4.8 m/yr, respectively). These

errors equate to ∼ 50 m/yr for each metre of relative tidal displacement between the images in a

pair. To approximate the tidal variation in front of the Sørsdal ice shelf, the Circum-Antarctic

Tidal Simulation (CATS2008b) model, which is an update to the model described by Padman

et al. (2002), was run for one year. The model predicts a tidal variation of ∼ 1.5 m in front of

the Sørsdal ice shelf, giving strong agreement with GPS in-situ observations also suggesting a

tidal range of ∼ 1.5 m (C Watson, pers. comms., 29 May 2017). These values of tidal range

are likely to have had a small impact on the TerraSAR-X-derived velocity field. The derived

velocity field shows variation along the flux gate, with slow moving ice at the edges of the ice

shelf (particularly the northern margin) and faster moving ice towards the centre of the ice

shelf (Figure 2.4).

Figure 2.4: A cross sectional perspective of the flux gate that stretches from A to B across the
Sørsdal ice shelf. The red line gives the ice flow velocity magnitude estimates at the flux gate
in m/yr from 2− 13 July 2017.

Using only a single velocity dataset in this approach requires the assumption that the ice

velocity estimates are constant throughout the year and over the time-series of satellite images.

To evaluate this assumption of constant velocity a second velocity field was produced from

TerraSAR-X imagery acquired 18 and 29 October 2018. There was an increase in velocity of

7 m/yr across the entire region of interest, which represents a change of only 2 % in velocity
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when using a glacier velocity of 350 m/yr for the fastest locations. This increase in velocity

of only 2 % suggests that the assumption of constant velocity over time is appropriate in this

case particularly in the short term, given that it is within the error of 11 m/yr. Though the

use of a second velocity dataset from 2018 does not conclusively exclude temporal variation in

the velocity field at the calving front of the Sørsdal ice shelf over the long term, it is unlikely

that there have been significant variations in velocity given the constrained nature of the ice

shelf and the close proximity of the flux gate to pinning points. Therefore, despite the lack of

additional suitable velocity datasets from earlier in the time-series, the assumption can still be

made that the velocity profile shown in Figure 2.4 is representative of the long-term velocity at

the flux gate.

Time Series of Calving Front Locations

A time-series of satellite imagery and derived calving front locations were required to deter-

mine whether or not the ice shelf was exhibiting steady-state behaviour. Many other ice shelf

characteristics were also identified using this satellite time-series, including surface melt feature

identification and fracture pattern mapping, both of which are described in later chapters of

this thesis. Since the majority (98 %) of the time-series is comprised of optical imagery there

is inherent bias that results from the lack of images available during the polar night.

A) Satellite Imagery Time Series

A time-series of mainly optical satellite imagery that spans from 1972 until 2017 (Appendix 1)

was created using a range of satellite sensors, including; Advanced Spaceborne Thermal Emis-

sion and Reflection Radiometer (ASTER), Landsat (Multispectral Scanner (MSS), Thematic

Mapper (TM), Enhanced Thematic Mapper Plus (ETM+) and Landsat 8 (OLI)), Satellite

Pour l’Observation de la Terre (SPOT) as well as Sentinel-1(A) and Sentinel-2(A) images.

Composite band rasters were created in ArcMap v.10.3 using the visible bands (RGB), for the

Landsat and Sentinel-2 imagery. The ASTER L1T imagery and the SPOT images were already

provided as three-band rasters. The Sentinel-1 imagery is C-band Synthetic Aperture Radar

(SAR) imagery in Interferometric Wide Swath (IW) mode. These SAR images were resampled

from their native 5 m x 20 m resolution to a 15 m x 15 m resolution for easy comparison with

the other image types in the time-series. All the images were subset to the area of interest

covering the Sørsdal ice shelf, encompassing the region from the Vestfold Hills to the north and

to the Rauer Group in the south (Figure 1.5, Chapter 1). These image subsets (apart from

the Landsat 8 image subsets) were then coregistered (georeferenced) to a Landsat 8 image that

was acquired on the 3rd March, 2014 (LC81241082014062). This Landsat image was chosen

as a reference due to its clarity. All the images were in WGS84 Antarctic Polar Stereographic

projection.

A series of well defined features were selected from across the region within the subset (ensuring
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wide distribution) and were used for the georeferencing. These features had to be identifiable

in both the reference image and the image to be coregistered (regardless of the resolution of

the imagery). These features are where tie points were placed that linked the images. The tie

points were used to warp the coregistered image so that it matched the reference image. The

tie points had to be placed in the same location in both images so the features had to be land

based and not changed by the presence of shadow, sea ice or snow cover. Linear features in the

Vestfold Hills, outcrop corners and sharp angles were the most suitable features available.

The quality of the transformation was influenced by the accuracy of tie point placement. During

the georeferencing process the Root Mean Square (RMS) Error was used as an indicator of tie

point suitability, any points that did not overlap both images (due to satellite paths) were not

included in the process, neither were any points that were influenced by cloud or snow cover

obscuring the feature. Positioning of the tie points was iterative and constant checking of the

RMS Error and the resulting transformation was required to produce the best match between a

low RMS Error (e.g. < 40 m for the Landsat MSS imagery, which is less than one pixel) and the

least warping of the image as a whole and of the features within it. It was imperative to minimise

the georefencing error so that it was not transferred through to the final calving flux estimation

due to its influence on the location of the calving front. Some images required additional tie

points to produce a suitable transformation with minimal feature warping, for example, the

position of data gaps due to the Landsat ETM+ scan line correction failure varied, which

caused some tie point features to be removed from the analysis. The overall accuracy of the

georeferencing was determined using alignment comparisons between prominent features such

as geological features within the Vestfold Hills and their digitised outlines from the reference

image. The reprojection method used a 1st order polynomial (affine) transformation, as this

involved minimal area and geometric distortions.

B) Calving Front Digitisation

The most common method of extracting the calving front location of glaciers or ice shelves

is through manual delineation (e.g. Mottram et al., 2019; Liang et al., 2019; Fountain et al.,

2017; Lovell et al., 2017). Though several studies have attempted to develop semi-automated

approaches for delineating the calving front location, they still required manual corrections (e.g.

Miles et al., 2017; Liu et al., 2015). For this study the calving fronts were manually digitised

using ArcMap v.10.3 for each of the satellite images in the time-series. Some studies have

only digitised the ice-ocean boundary at annual to seasonal intervals (Mottram et al., 2019) or

even more infrequently (Lovell et al., 2017), however in this time-series 79 calving fronts were

delineated, spanning 45 years. The maximum number of calving fronts in any one year was 16

(in 2016).

The digitising errors were estimated using the standard technique of repeatedly digitising sec-

tions of the calving front and calculating the mean variation between the digitised lines (Lovell
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et al., 2017; Paul et al., 2013). The accuracy of the digitising method depended on the pixel

size or resolution of the imagery. For the images with larger pixels (e.g. Landsat RBG bands

typically have a pixel size of 30 m, excluding MSS which has a pixel size of 60 m) there was

an accuracy of 1 − 2 pixels (30 − 60 m), which is typical for Landsat (Lovell et al., 2017).

For images that have a smaller pixel size (e.g. ASTER which has 15 m, as well as SPOT and

Sentinel-2 which both have a 10 m resolution) there was an estimated error of 3 − 4 pixels,

again resulting in a 30 − 60 m error in the manual placement of the calving front lines. The

problems that affected the transformation quality also had to be overcome when digitising, for

example the presence of sea ice making it difficult to define the ice shelf edge (Mottram et al.,

2019). In images where it was hard to clearly separate sea ice from the ice shelf (especially in

low resolution imagery) image enhancement techniques, such as contrast stretching, were used.

In addition to this, comparing the digitised calving front against those from images acquired

within a few months that clearly showed the ice shelf edge, were used to provide an indication

of the location of the calving front. For images where data gaps (caused by the failure of the

Landsat 7 ETM+ scan line corrector) crossed the calving front, a straight line was traced from

points directly on each side of the gap, this may have resulted in an error in the true geometry

of the calving front. Again, other images close in acquisition time were used to check and ad-

just the position of the calving front within the missing data gaps. Digitising accuracy was not

compromised if the calving front was visible through thin cloud, but thicker clouds obscured

some sections of the calving front. If the gaps due to thick cloud cover were too large and

a straight line was not possible then these calving fronts were removed from the time-series.

Complex calving fronts were created by incisions into the ice shelf edge, the darker colour of

the seawater within these incisions allowed the distinction between the ice shelf and the water

to be made for edge delineation purposes.

Ice Shelf Thickness

The thickness of an ice shelf can be measured directly (e.g. by ApRES units or from airborne

radar surveys) or it can be estimated from the hydrostatic equilibrium assumption using the

height above sea level (or freeboard) of the ice shelf surface and the density of the glacier

ice. This assumption of hydrostatic equilibrium means that the ice shelf is floating in the

ocean with a constant vertical velocity profile. In order for this to happen the forces acting

upon the ice shelf, such as the force of gravity and the resisting force of the ocean, must be

in equilibrium, so the ice shelf cannot be grounded anywhere apart from at the grounding

line. In the exact location where an ice shelf is grounded on pinning points, the assumption

of hydrostatic equilibrium is violated, however the assumption is still valid within 1 − 2 ice

thicknesses from the pinning points (Griggs and Bamber, 2011).
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A) Height Above Sea Level

The Reference Elevation Model of Antarctica (REMA) (Howat et al., 2019) provides surface

elevation estimates for all of Antarctica at 8 m resolution, with absolute uncertainties of less

than 1 m (Howat et al., 2019). The surface elevation values are referenced to the WGS84 ellip-

soid. In order to derive ice thickness using the principle of hydrostatic equilibrium (described in

the following section) the surface elevation values were converted to heights above the EGM96

geoid. An arithmetic function was applied using

H = −N + h , (2.9)

where h is the height above the ellipsoid, N is the height of the geoid above the ellipsoid and H

is the height above the geoid (also known as the orthometric height which is approximately the

height above mean sea level, within 1−2 m). For the location of the Sørsdal ice shelf the height

of the geoid (EGM96) above the ellipsoid (WGS84) is 17.66 m. This correction was applied to

the REMA dataset.

B) Calculating Ice Thickness

The principle of hydrostatic equilibrium

H = ((hasl −∆h)ρw)/(ρw − ρi) , (2.10)

was applied to estimate ice thickness from surface elevation, where H is the ice thickness, hasl

is the ice shelf freeboard (height difference between sea surface height and ice shelf surface

elevation), ∆h is a firn depth correction, ρw is the column-averaged density of the seawater

under the ice shelf and ρi is the column-averaged density of the ice shelf. No firn correction

was applied because the Sørsdal ice shelf is mostly blue ice (Hui et al., 2014), indicating that

snow is removed from the surface not allowing firn development. The column-averaged density

of seawater is assumed here to be 1,027 kg/m3 (Herraiz-Borreguero et al., 2015). The column-

averaged ice density of 917 kg/m3 is based on the assumption that there is no marine ice present

at the base of the Sørsdal ice shelf and there is no firn present at the surface. The ice thickness

variation along the flux gate is shown in Figure 2.5.

The ice thickness estimates derived using Equation 2.10 compare well with in-situ measurements

of ice thickness from an ApRES unit. An ApRES unit (S02) was installed on the Sørsdal ice shelf

from 8/12/2015 until 24/12/2016 (at 482013 mN, 2289263 mE) and recorded an ice thickness of

650 m ± 2m (Cook et al., 2018c). Though the values of ice thickness computed using Equation

2.10 are comparable (607 m, derived from a hasl of 65 m) there are assumptions and inherent

errors related to this method of calculating ice thickness. Errors in ice thickness estimates can
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Figure 2.5: A cross sectional perspective of the flux gate that stretches from A to B across the
Sørsdal ice shelf. The ice surface elevation values and computed ice thickness values are used
to estimate the ice draft.

be due to errors in the surface elevation values from the REMA related to geoid uncertainties

(Fricker et al., 2001), as well as from assumptions made regarding the column-averaged ice and

seawater densities (Wen et al., 2010).

It is assumed that the ice density value is spatially and temporally constant. This assumption

may not be completely valid as it is common for ice densities to vary spatially across ice shelves

as a result of refreezing and melting at the base of the ice shelf (Fricker et al., 2001; Craven

et al., 2009; Holland et al., 2009; Rignot et al., 2013), and also to vary temporally as a result

of these processes (Horwath et al., 2006). However, the assumption of a temporally constant

ice density value is likely to be valid for the Sørsdal ice shelf given that the ice shelf cavity is

very small (∼ 20 km long by 5 − 8 km wide), providing limited opportunity for refreezing at

the ice shelf base and the resulting formation of marine ice. This assumption is also supported

by the findings of Gwyther et al. (2020), who find weak refreezing at the base of the Sørsdal

ice shelf. In addition, the basal melt rates have been found to be small (a spatially averaged

mean of 0.5 m/yr) with low temporal variability (Gwyther et al., 2020).

Only the ice thickness estimates at the flux gate were required for calculating the calving mass

flux using the new approach, as ice velocity is already incorporated within the semi-temporal

domain. The Sørsdal ice shelf showed considerable spatial variation in the surface elevation

(used to calculate the ice thickness) over the terminus of the ice shelf as the result of surface

peaks and depressions, so the representativeness of the ice thickness values at the flux gate were

investigated. The surface elevation values forward (for the number of days equivalent to 500

m) of each segment along the flux gate were analysed. The mean and standard deviation in



2.3. APPLYING THE APPROACH TO THE SØRSDAL ICE SHELF 37

the values for each segment line of surface elevation were calculated. The maximum standard

deviation in surface elevation values across all the segments of the flux gate was 1.78 m, showing

there was little along-flow variation in surface elevation. This lack of variation suggests that the

surface elevation values at the flux gate are representative of surface elevation values forward

of the flux gate, so the ice thickness estimates derived from this location across the ice shelf

are appropriate. However, this does not take into account basal melting or freezing that may

occur forward of the flux gate and influence the ice thickness of the calving icebergs. The

temporal variation in ice thickness at the flux gate is considered to be limited, due to modelled

low rates of basal melting and refreezing at the Sørsdal ice shelf (Gwyther et al., 2020). These

rates are unlikely to have changed significantly since 1972 (the start of the satellite time-series)

given the presence of cold, dense water that currently blocks access to the Sørsdal ice shelf

cavity by warmer waters from Prydz Bay (Gwyther et al., 2020). Therefore, it is acceptable

to assume that the ice thickness estimates derived from the REMA surface elevation values

are representative of the ice thickness at the flux gate throughout the period covered by the

satellite image time-series.

The uncertainties in the surface elevation values were estimated. The maximum standard

deviation (1.78 m) was combined (in quadrature) with the tidal range value (1.5 m) and the

published REMA elevation uncertainty value (1 m), to give an uncertainty of 2.53 m in the

surface elevation values. Using the assumption of hydrostatic equilibrium this equates to an

uncertainty of ∼ 24 m in ice thickness which is ∼ 6 % of the average ice thickness at the flux

gate (414 m). This is the largest source of error within the calving flux calculation.

2.3.2 Image Pair Comparisons

Scripts were developed using Harris Geospatial Solutions’ Interactive Data Language (IDL)

to create the semi-temporal domain, process the majority of the datasets, estimate the mass

flux at the flux gate and perform the image pair comparisons. The image pair comparisons

were performed using the method outlined in Section 2.2 of this work, using Equation 2.6 to

Equation 2.8.

2.3.3 Area Forward of the Flux Gate

The time-series of CFLs that were used to estimate the calving mass flux of the Sørsdal ice shelf

also allowed calculation of the area of the ice shelf forward of the flux gate, for each satellite

image in the time-series. Within ArcMap v.10.3 the area of the ice shelf that was forward of the

flux gate (km2) was derived using the area created when the digitised calving front intersected

the flux gate at both the southern and northern margins of the ice shelf.
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2.4 Sørsdal Ice Shelf Calving Flux Estimates

The calving mass flux was calculated for all possible pair combinations that existed within each

particular temporal baseline group. Where single images were used in multiple pairs, individual

calving events were captured more than once, e.g. Figure 2.6a. The temporal baseline refers to

the number of days that separate the two satellite images. The analysis was performed using

five different temporal baseline groups (0.5−1 year, 1−3.5 years, 3.5−6 years, 6−8 years and

8 − 20 years). The resulting calving mass flux estimates are shown in Figure 2.6. This figure

clearly shows the impact of increasing the temporal baseline on the range of calving mass flux

estimates, as there is a reduction in the spread of calving mass flux estimates with increasing

temporal baseline.

This reduction in the spread is shown by the standard deviations calculated for each baseline

group (Figure 2.7, Table 2.1). The group with the shortest baseline (0.5 − 1 year) has the

highest standard deviation and mean (± 0.87 Gt/yr and 1.19 Gt/yr, respectively). Whereas,

the group with the longest baseline (8 − 20 years) has the lowest standard deviation (± 0.10

Gt/yr), and a mean of 0.78 Gt/yr that is comparable to the means of the other four baseline

groups. The similarity in the means indicates that the data are normally distributed and that

the assumption of constant velocity is applicable. The statistics presented here are subject to an

inherent bias that stems from the method and is related to the multiple use of the same images

to derive pair estimates within the same baseline groups. This suggests that the statistics

shown in Table 2.1, such as the mean or standard deviation, are not fully independent.

Table 2.1: Calving flux statistics for each baseline group

Baseline Group

(yrs)

Mean Baseline

(yrs)

Mean Calving Flux

(Gt/yr)

Standard Deviation

(Gt/yr)

0.5 - 1 0.84 1.19 0.87

1 - 3.5 2.06 0.78 0.45

3.5 - 6 4.68 0.73 0.17

6 - 8 6.88 0.76 0.13

8 - 20 11.34 0.78 0.10

The long-term calving mass flux was calculated from a pair of images that included the first

and last images in the time-series and can be seen in Figure 2.6e. The value of the long-term

calving mass flux for the Sørsdal ice shelf is estimated to be 0.74 ± 0.105 Gt/yr based on this

longest baseline pair. The uncertainty in the long-term calving mass flux estimate was derived

by extracting the calving flux standard deviation value (Gt/yr) at 46 years, which is the length

of time separating the longest pair of satellite images, using the minimum temporal baseline
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Figure 2.6: Calving mass flux (Gt/yr) for all pair combinations within each baseline group.

analysis (e.g. Figure 2.8). Deriving the uncertainty in the calving flux estimate using a standard

error propagation approach, the uncertainties in the freeboard estimate (5.2 %), the velocity
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Figure 2.7: Statistics produced for each baseline group. The square points indicate the number
of pairs within each baseline group.

estimate (3.5 %) and the ice density estimate (0.6 %) produced a combined uncertainty of 6.3 %

of the long-term average calving mass flux estimate or 0.05 Gt/yr. An uncertainty value of 0.05

Gt/yr is much less than the calving flux standard deviation value of 0.105 Gt/yr, suggesting

that there is an underestimation of the uncertainties using the standard error propagation

approach. The sources of uncertainty in the surface elevation dataset arise from uncertainty

within the DEM as well as the tidal range. The uncertainty in the velocity estimate was derived

using the error in the velocity dataset as compared to the median value of the velocity along

the flux gate, and the ice density uncertainty was derived assuming an uncertainty of 5 kg/m3

for a column-averaged ice density of 917 kg/m3 (Griggs and Bamber, 2011).

Initially the calving mass flux analysis was performed using the ASTER Global Digital Elevation

Model (GDEM) v.2 (Tachikawa et al., 2011). The ASTER GDEM provides surface elevation

estimates for all of Antarctica at a 30 m resolution, with a vertical error of 17 m (Meyer et al.,

2012). The vertical datum for the surface elevation is the Earth Gravitational Model (EGM96),

so the elevation values are in height above the geoid.

Performing the calving flux analysis using the ASTER GDEM and REMA surface elevation

datasets allowed assessment of the sensitivity of the calving mass flux estimates to the surface

elevation dataset used. Table 2.2 shows that a small difference (of only 4 m) in the mean surface

elevation value across the flux gate results in a difference of 0.07 Gt/yr in the long-term calving

mass flux for the Sørsdal ice shelf. Though this difference is less than the long-term calving

mass flux standard deviation it demonstrates the important influence that the surface elevation
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has on the overall calving mass flux estimate through its influence on the ice thickness. The

minimum temporal baseline also increases from 7.4 years to 7.6 years.

Table 2.2: Influence of surface elevation on calving flux estimates

REMA GDEM Difference

Mean surface elevation across flux gate (m) 49 45 4

Mean ice thickness across flux gate (m) 414 376 38

Baseline group 0.5 - 1 yr mean calving flux (Gt/yr) 1.19 1.08 0.11

Baseline group 1 - 3.5 yrs mean calving flux (Gt/yr) 0.78 0.71 0.07

Baseline group 3.5 - 6 yrs mean calving flux (G/yr) 0.73 0.66 0.07

Baseline group 6 - 8 yrs mean calving flux (G/yr) 0.76 0.69 0.07

Baseline group 8 - 20 yrs mean calving flux (G/yr) 0.78 0.71 0.07

Longest pair mean calving flux (Gt/yr) 0.74 0.67 0.07

Minimum temporal baseline (yr) 7.6 7.4 0.2

The minimum temporal baseline that should be used to derive a calving flux estimate (i.e. one

that is representative of the Sørsdal ice shelf long-term mean calving flux), was estimated using

the calving flux standard deviation for each of the baseline groups (Figure 2.7, Table 2.1). An

exponential model in the form of y = aebx + c was fitted to the standard deviation values, and

a non-linear least squares regression (Markwardt, 2009) was used to estimate parameters a, b

and c. Figure 2.8 shows decreasing calving flux standard deviation with increasing temporal

baseline. The suggested minimum temporal baseline is defined here as the minimum baseline

where the standard deviation is less than a threshold value. In the absence of any physical

indication of how to define this threshold, it is ascribed to be 1.1 times (i.e. 10 % higher than)

the asymptote in the standard deviation (i.e. the c parameter in the above equation). The point

at which the standard deviation is below the threshold is indicated in Figure 2.8 by the dashed

red line. The minimum suggested temporal baseline for the Sørsdal ice shelf thus becomes 7.6

years. This indicates that images in a pair need to be separated by greater than 7.6 years in

order to derive a calving flux estimate likely to be representative of the long-term mean.

The time-series of calving front locations used in the calving flux estimation also provides

estimates of the area of the ice shelf that is forward of the flux gate in km2 (Figure 2.9). Each

of the bars within this plot represent the area estimated for a single satellite image. Figure 2.9

shows the movement of the ice front forward due to ice advection through the flux gate. For

example, there is a gradual increase in the area forward of the flux gate from late 2006 until

early 2010. The advance of the ice shelf is occasionally punctuated with calving events that

reduce the extent and thus the area of ice forward of the flux gate (e.g. the calving event that

occurs sometime after February 2011). A cyclical trend of advance and calving appears to have
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Figure 2.8: Statistical analysis results used to derive the minimum temporal baseline estimate.
Red squares are the standard deviation (Gt/yr) in the calculated calving flux (Gt/yr) for the
mean (yrs) of each baseline group. The red line is the fit to the standard deviation values and
the dashed line indicates the minimum temporal baseline that could be used in order to derive
a long-term average calving flux estimate for the Sørsdal ice shelf.

began in late 2006/early 2007 and has continued until March 2017. Prior to this cyclic pattern

the calving front is observed to have extended much further forward (e.g. in 2004) compared

to the extent reached toward the end of the time-series. The minimum area forward of the flux

gate was reached in 2007 after several years of large calving events.

2.5 Discussion

The new approach that has been outlined here combines observational datasets and a flux

gate method within a unique semi-temporal domain, in order to create a robust method for

accurately estimating the calving mass flux of an ice shelf. The application of this approach to

the Sørsdal ice shelf derived an estimate of 0.74 ± 0.105 Gt/yr for the long-term average calving

mass flux. This value for the calving flux is very small when compared to estimates derived

for other Antarctic ice shelves. For example, the calving mass flux for the Amery Ice Shelf,

a neighbouring ice shelf to the Sørsdal ice shelf, is estimated to be 50 ± 6 Gt/yr (Depoorter

et al., 2013). Smaller ice shelves of East Antarctica such as the Vanderford and Rennick have

calving fluxes of 9 ± 3 Gt/yr and 1 ± 0 Gt/yr, respectively (Depoorter et al., 2013), both

of which are larger than the estimate produced here for the Sørsdal ice shelf. However, when

these calving flux estimates are divided by the area of the ice shelves to give area-averaged
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Figure 2.9: Area of the ice shelf forward of the flux gate (km2). The vertical lines represent the
area at the time the satellite images were acquired.

calving flux estimates in Gt/yr (using the areas of Depoorter et al. (2013)), the calving flux

value of the Sørsdal ice shelf is much closer to that of the Vanderford (0.005 Gt/yr and 0.001

Gt/yr, respectively), though the Vanderford is 9,000 km2 and the Sørsdal ice shelf is only 136

km2. The area-averaged calving flux estimate for the Amery Ice Shelf is much smaller (0.0008

Gt/yr), as is that of the Rennick Ice Shelf (0.0003 Gt/yr). These area-adjusted calving flux

values suggest that though the Sørsdal ice shelf is a small ice shelf it has proportionally a large

calving flux compared to the other ice shelves.

Another key result of the work presented here is the variability in the area of the Sørsdal ice

shelf that is forward of the flux gate. Increasingly available satellite imagery has allowed dense

observations of the area forward of the flux gate from 2000 onwards. These denser observations

show that from 2000 until 2017 the Sørsdal ice shelf exhibited a cyclic pattern of advance and

retreat, with the greatest area forward of the flux gate occurring in 2004 and the least occurring

in 2007 following a series of calving events, as indicated by the progressive reduction in the

area forward of the flux gate between 2004 and 2007. This variability in the area forward of

the flux gate suggests variability in the calving regime. The calving rates of other Antarctic ice

shelves have also been found to vary as a result of variation in the calving front location that

indicated advancing and retreating behaviour (Frezzotti, 1997). Capturing the variability of

calving front location is a strength of the approach outlined here as it permits non-steady-state

ice shelf behaviour, unlike other techniques that assume steady-state calving fronts.

The periodicity of ice shelf advection and calving must be taken into consideration when de-

termining a suitable temporal baseline to use when calculating the calving flux of any ice shelf.

The estimated minimum temporal baseline needed to produce a representative estimate of the
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long-term average calving mass flux for the Sørsdal ice shelf is 7.6 years. This finding indicates

that an observation revisit time (the minimum time separating the satellite images that will

still provide a reasonable estimate of the calving flux) of < 7.6 years will give higher uncertainty

in the calving mass flux estimate.

For ice shelves that calve infrequently the temporal baseline will be much longer than 7.6 years.

For example, the calving cycle of the Amery Ice Shelf is estimated to be 55− 70 years (Fricker,

H. A. pers. comms., 30 September, 2019), so the temporal baseline needed to accurately derive

a long-term average calving flux estimate for this ice shelf is likely to be within this range or

greater. Deriving an appropriate temporal baseline for an ice shelf that is exhibiting change

will aid in deriving the long-term average calving flux or baseline calving flux from which any

changes in the mass loss due to calving can be identified. Other methods of estimating the

calving flux of an ice shelf that only use one year as the temporal baseline (e.g. Liu et al., 2015)

are not able to capture the variation in the calving flux over longer time periods, and so have

high uncertainty in their calving flux estimates.

The application of the new approach to the Sørsdal ice shelf has also demonstrated the suitabil-

ity of applying this method to a frequently calving ice shelf that over the investigation period

exhibited complex calving front geometries. Techniques that use flow lines can fail to incor-

porate complex calving front geometries when there are multiple intersections between a flow

line and the calving front, for example when there are lobes or notches present in the calving

front. The method outlined here uses a flux gate approach and so can appropriately incorpo-

rate complex geometries. The use of a flux gate also removes issues related to convergent and

divergent flow near the calving front.

The new approach may overcome several limitations of other methods but it is sensitive to

several factors, the first being the chosen location of the flux gate. A flux gate should be

positioned close to the calving front (as done in this approach) to incorporate suitable ice

velocity and thickness observations into the calving flux calculation (Depoorter et al., 2013).

In the application to the Sørsdal ice shelf it is assumed that the ice thickness does not change

forward of the flux gate, in that there is no basal accretion or melting occurring forward

of the flux gate. This assumption will not be appropriate at all ice shelves since many of

them experience high rates of basal melt and marine ice accretion (Bindschadler et al., 2011;

Depoorter et al., 2013; Rignot et al., 2013; Herraiz-Borreguero et al., 2015), and so the location

of the flux gate must be chosen carefully.

This approach is also heavily reliant on the ice surface velocity dataset. In the Sørsdal ice

shelf application only one surface velocity dataset has been used, with the assumption that

the velocity is constant across the time-series. It is possible that this is not the case and so

including additional velocity datasets from other years would be beneficial for capturing the

temporal variability in surface velocity. Other major assumptions within this approach relate
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to the values used for the ice and seawater densities. Ice and seawater densities are assumed

to be spatially and temporally constant, which is an assumption that will not be valid at ice

shelves that experience basal melting or refreezing (Fricker et al., 2001; Craven et al., 2009;

Holland et al., 2009; Rignot et al., 2013), leading to temporal variation (Horwath et al., 2006).

The presence of liquid brine also changes the column-averaged density of an ice shelf (Cook

et al., 2018a) and many ice shelves have been found to have regions where brine infiltration

is possible, adding another consideration when choosing an appropriate ice density estimate.

Seawater densities are also found to vary spatially and temporally (e.g. Shabtaie and Bentley,

1982; Vaughan, 1995; Herraiz-Borreguero et al., 2013, 2015). Field observations of these density

values would reduce the inherent errors caused by incorrectly assuming the average density

values (although these will be small relative to errors in the velocity dataset).

The final assumption that may not have been fully valid in the application of the new approach

to the Sørsdal ice shelf is related to the assumption of hydrostatic equilibrium. In the estimation

of the ice thickness the entire ice shelf was assumed to be in hydrostatic equilibrium. However,

on ice shelves there is a transition from ice that is grounded to ice that is fully in hydrostatic

balance with the underlying ocean (Horwath et al., 2006; Fricker et al., 2009). The exact

locations and extents of the pinning points near the calving front of the Sørsdal ice shelf are

unknown, therefore the ice thickness values within these regions are likely to be subject to

errors. Application of the new approach to other ice shelves would require the use of ice

thickness estimates that have taken into consideration the influence of pinning points and

grounded regions on the assumption of hydrostatic equilibrium.

2.6 Conclusions

The work presented here outlines a new method developed to overcome the limitations often

present when calculating the long-term average calving flux of Antarctic ice shelves. The

approach estimates the calving mass flux by combining observed calving front locations, velocity

and ice thickness observations, as well as a flux gate approach, within a semi-temporal domain.

The new approach was applied to the Sørsdal ice shelf, and estimated the long-term mean

calving mass flux to be 0.74 ± 0.105 Gt/yr. A minimum observation revisit time of 7.6 years

was found by a temporal baseline analysis. The area forward of the flux gate showed variability

and from 2000 to 2017 a cyclic pattern of advance and retreat of the Sørsdal ice shelf was

evident, with periods of advance being punctuated by calving events that reduced the area

forward of the flux gate to a minimum.

Capturing the variability in the location of the calving front is a strength of the new approach

as it permits non-steady-state ice shelf behaviour, unlike other techniques that assume steady-

state calving fronts (Depoorter et al., 2013; Rignot et al., 2013; Rott et al., 2018). Methods

used to calculate calving flux that take into account non-steady-state behaviour will benefit
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from using appropriate temporal baselines and also allow long-term trends to be separated

from short term variations, such as those observed in the calving front position (Frezzotti,

1997; Benn et al., 2007b; Seale et al., 2011; Miles et al., 2016).

The approach outlined in this work only uses easily-obtainable datasets (ice thickness and

surface velocity estimates) so it can be applied to any ice shelf or glacier tongue, from very

small ice shelves (i.e. less than 100 km2) that are often missed from Antarctic-wide studies

(e.g. Liu et al., 2015), through to large ice shelves such as the Ross or Amery ice shelves. This

approach can be applied to any type of glacier or ice shelf as long as the calving front location

can be delineated, and the input datasets are available. The technique envelopes all scales of

calving that occur at an individual ice shelf calving front, from very small icebergs through to

very large tabular icebergs (Fricker et al., 2002b; Wesche et al., 2013; Liu et al., 2015; Benn

and Åström, 2018), depending on the resolution of the satellite imagery used.

Methods that estimate ice shelf calving mass flux that capture all scales of calving as well as the

temporal variability in calving, such as the method proposed here, allow improved predictions

of Antarctic mass loss due to calving and are critical for predicting mass loss from Antarctic

ice shelves in the future. Deriving baseline knowledge of the long-term mean calving mass flux

from Antarctic ice shelves allows recent changes to be placed within a wider temporal context

and long-term trends to be separated from short-term variation. This separation may aid in

the identification of the drivers of ice shelf change (e.g. atmospheric and oceanic warming).



Chapter 3

Drivers of the Sørsdal Ice Shelf Calving

Regime

3.1 Introduction

Changes are currently being observed on many Antarctic ice shelves, from reduction in their

extents (Cook and Vaughan, 2010; Liu et al., 2015), to thinning (Shepherd et al., 2010; Pritchard

et al., 2012; Paolo et al., 2015, 2018; Rignot et al., 2019) and grounding line retreat (Konrad

et al., 2018). These changes are critical as they influence the buttressing potential of ice

shelves. Reduced buttressing results in an increase in the velocity field and as a consequence,

an increase in the mass transfer from the continent to the ocean (Paolo et al., 2015; Borstad

et al., 2016). Environmental drivers related to atmospheric and oceanic conditions have been

identified as the primary causes of many of the observed changes. For example, increased air

temperature (Turner et al., 2005) over the Antarctic Peninsula caused increased surface melt

(Fahnestock et al., 2002; Sergienko and MacAyeal, 2005), that then drained into existing surface

crevasses initiating the process of hydrofracture, which eventually contributed (along with ice

shelf thinning and tensile stresses induced by lake drainage), to the rapid disintegration style

calving of several ice shelves in that region (Vaughan and Doake, 1996; Skvarca et al., 1999;

Scambos et al., 2000, 2003; MacAyeal et al., 2003; Rack and Rott, 2004; Scambos et al., 2009;

Banwell et al., 2013; Banwell and MacAyeal, 2015).

Increased ocean temperatures reaching the base of Antarctic ice shelves has increased basal melt

rates and led to a reduction in the thickness of many of them (Pritchard et al., 2012), which in

turn has led to increases in their velocity fields, resulting in weakened lateral margins due to

enhanced crevassing and accelerated rates of fracture (Vieli et al., 2007). These enhanced rates

of fracture indicate that thinner ice shelves are more susceptible to fracture and subsequently

experience enhanced rates of iceberg calving (Vieli et al., 2007; Liu et al., 2015). A reduction in

sea ice cover can also influence the calving dynamics of ice shelves. Sea ice acts to damp ocean

47
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waves and swell which reduces the degree of wave-induced flexure that an ice shelf experiences

(Bassis et al., 2008; Massom et al., 2018). A reduction in the sea ice cover allows increased

ocean swell and consequently, ice shelf flexure, which can influence existing fractures such as

rifts and basal crevasses, weakening the ice shelf and thereby modifying the calving regime

(Massom et al., 2018).

The above examples highlight the strong relationships between environmental drivers and the

calving regimes of ice shelves. However, not all Antarctic ice shelves are experiencing the

same changes everywhere around the continent, there is high regional variation (e.g. Liu et al.,

2015; Miles et al., 2016; Shepherd et al., 2018; Rignot et al., 2019). This variability in ice

shelf behaviour is a result of regional differences in the environmental drivers as well as the

characteristics of the ice shelves (e.g. their geometry, rheology, and mechanisms of calving). In

order to determine the potential susceptibility of ice shelves to future change it is first important

to identify the mechanisms responsible for calving as well as the ways in which environmental

drivers interact with the ice shelves, particularly with their mechanisms of calving.

Contrasting styles of calving (and the dimensions of the icebergs that are produced) are ulti-

mately controlled by the characteristics of fractures that form within the body of an ice shelf.

The distribution, density, depth and length, as well as propagation and healing rates of the

fractures control the rate at which an iceberg is produced as well as its dimensions (Bassis and

Jacobs, 2013), and so ultimately determine the scale of the calving event. Fractures are the

direct result of the stress regime of the ice shelf, and so their characteristics and development

can largely be determined by the glaciological and environmental parameters that influence the

stress regime. For example, Bassis and Jacobs (2013) found that ice shelf geometry provided a

first-order control on a calving regime through its control on the stress state within the body of

ice. On an Antarctic ice shelf there are three primary types of fracture; rifts, surface crevasses

and basal crevasses, and these can act alone or in combination to produce icebergs (Wesche

et al., 2013).

Surface crevasses are commonly found on ice shelves (Glasser and Scambos, 2008) and are

located where the local stress field favours crevasse opening. The crevasse depths are determined

by the balance between the tensile stress tending to open the crevasses and the compressive

stress, which acts to heal them. When surface meltwater fills crevasses the additional weight of

the water enables them to penetrate deeper, and if enough water is present the crevasses may

propagate through the entire thickness of the ice shelf leading to hydrofracture (Weertman,

1973; van der Veen, 1998b). Hydrofracture is one of the driving mechanisms that caused

ice shelves on the Antarctic Peninsula to rapidly disintegrate (Weertman, 1973; Doake and

Vaughan, 1991; Rott et al., 1996; Scambos et al., 2000, 2009; MacAyeal et al., 2003; Rack and

Rott, 2004; Khazendar et al., 2007; van der Veen, 2007; Vieli et al., 2007; Glasser and Scambos,

2008; Braun et al., 2009).
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Basal crevasses are fractures that penetrate upwards, sometimes for hundreds of metres, from

the base of ice shelves into the ice column as a result of the pressure exerted by seawater being

greater than the overburden ice pressure acting to close the basal crevasse (Weertman, 1980;

Jezek and Bentley, 1983; van der Veen, 1998b,a; Rist et al., 2002; Luckman et al., 2012). Though

basal crevasses were identified as the cause of large hyperbolic reflections within radargrams

from airborne surveys across Antarctic ice shelves in the late 1970s and 80s (Jezek et al., 1979;

Shabtaie and Bentley, 1982; Jezek and Bentley, 1983), supporting the suggestion that basal

crevasses were likely to be abundant in Antarctic ice shelves (Shabtaie and Bentley, 1982),

the geometrical properties and spatial distribution of basal crevasses received little attention

until 2011 onwards (e.g. Humbert and Steinhage, 2011; Bindschadler et al., 2011; McGrath

et al., 2012a,b; Luckman et al., 2012; Rignot et al., 2013; Jeong et al., 2016). Recent studies

have identified basal crevasses as potential locations of vulnerability in ice shelves as they

produce localised thinning that can lead to structural weakening (Humbert and Steinhage,

2011; Luckman et al., 2012; McGrath et al., 2012a,b; Humbert et al., 2015). These locations

of structural weakness influence the local stress regime and consequently provide a location for

fracture formation, thus highlighting the important role basal crevasses play in calving and ice

shelf stability (Jezek, 1984; Holland et al., 2009).

Basal crevasses have been found to become wider and shallower as they advect with ice flow

(McGrath et al., 2012a). Explanations for this change in crevasse geometry are related to a

combination of a melt-driven ocean convection cycle within the crevasse that causes melting low

on the crevasse walls and marine ice accretion higher on the walls and apex, as well as bending

stresses within the shelf, with the latter mechanism dominating (Khazendar and Jenkins, 2003;

McGrath et al., 2012a). Whatever the exact reasons for their widening, this process allows basal

crevasses to propagate into an increased fraction of the ice column (Bassis and Ma, 2015). This

direct interaction with the ocean allows basal crevasses to locally influence the exchange of mass

and energy between the ice shelf and the ocean (in the form of melting and refreezing), which

can alter the mechanical properties of the ice shelf, again influencing its stability (Luckman

et al., 2012).

Rifts are fractures that span the full thickness of an ice shelf and their propagation rate is a

key factor in determining the size and frequency of calving events. Rifts have been identified as

the primary mechanism by which large tabular icebergs calve periodically from ice shelves and

so research has focussed on the processes that determine their propagation rates (Fricker et al.,

2002a; Joughin and MacAyeal, 2005; Fricker et al., 2005b,a; Bassis et al., 2008; Lazzara et al.,

2008; Hulbe et al., 2010; Bassis and Jacobs, 2013; Jansen et al., 2015). Studies have suggested

that internal glaciological stress is the dominant force driving rift propagation (Joughin and

MacAyeal, 2005; Bassis et al., 2005, 2007, 2008; Humbert and Steinhage, 2011; Bassis and

Jacobs, 2013). Other studies have identified external effects like the arrivals of tsunamis (Brunt

et al., 2011; Walker et al., 2013, 2015), ocean swell (MacAyeal et al., 2006; Bromirski et al.,
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2010; Sergienko, 2010), and flexure due to waves and tides (Holdsworth, 1969; Holdsworth and

Glynn, 1981; Legrésy et al., 2004; Lescarmontier et al., 2012).

Studies have also found that the propagation of rifts can be influenced by the ice shelf mechanical

heterogeneity (Glasser and Scambos, 2008; Glasser et al., 2009; Heeszel et al., 2014; Borstad

et al., 2017; King et al., 2018; De Rydt et al., 2018). Suture zones are longitudinal flowbands

that occur downstream of rock outcrops or peninsulas and act to bind together neighbouring

units of meteoric ice. Some ice within suture zones is heterogeneous ice as it is comprised of

marine ice (Jansen et al., 2013), sea ice that has formed in open rifts, in-situ snowfall, and

fallen blocks of meteoric ice, causing it to be thinner, warmer and softer than the meteoric ice

(Glasser et al., 2009), and so is greater able to resist fracture (Borstad et al., 2017). Rifts can

terminate at suture zones (Glasser et al., 2009; Hulbe et al., 2010; Jansen et al., 2013; McGrath

et al., 2014) or change direction as they cross them (Walker et al., 2015). The influence of

suture zones on rifts highlights the important role that lateral heterogeneity can play in the

fracture mechanics of ice shelves (Glasser et al., 2009; Hulbe et al., 2010). The location of rift

formation is also important, in particular the spacing between rifts, as this can determine the

dimensions of the icebergs produced as well as the frequency of calving events (Lazzara et al.,

2008; Scambos et al., 2009).

Figure 2.9 in Chapter 2 shows temporal variability in the area of the Sørsdal ice shelf that is

forward of the flux gate. The highest recorded value of the area forward of the flux gate occurred

in early 2004 (15 km2). Following this peak in 2004 there is a decline in the values until late

2006 and the area forward of the flux gate does not increase above 10 km2 from late 2006 until

the end of the study period in early 2017. It is the intention of this work to determine why this

change in calving front extent has occurred by identifying the key glaciological features involved

in calving and comparing the variability in these glaciological drivers to trends in environmental

drivers.

The primary glaciological features that are present on the ice shelf are identified from a struc-

tural glaciological analysis (after Glasser and Scambos, 2008; Glasser et al., 2009). The char-

acteristics of these features and their variability over time are derived using a time-series of

satellite imagery in conjunction with surface elevation datasets. Two primary environmental

drivers are evaluated here, in terms of their involvement in the production of icebergs from the

Sørsdal ice shelf. The first environmental driver relates to sea ice (its concentration and dura-

tion) as a proxy for oceanic drivers in the form of direct wave action and ocean swell-induced

flexure. The second environmental driver is atmospheric temperature, which is a proxy for

surface melt. The variability in these proxies is compared to the variability in the calving

regime. From these glaciological and environmental analyses a conceptual model is presented

that outlines the mechanisms involved in the calving of icebergs from the Sørsdal ice shelf, and

the causes of variation in the area forward of the flux gate are identified.
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3.2 Methods

3.2.1 Glaciological Drivers of Calving

In order to identify the key glaciological features present on the Sørsdal ice shelf that may be

related to calving, a structural glaciological analysis was first performed following a procedure

similar to Glasser and Scambos (2008). Glaciological features were identified using the time-

series of satellite imagery (introduced in Chapter 2) as well as ice shelf surface elevation values

from the Reference Elevation Model of Antarctica (REMA) dataset (Howat et al., 2019) and

from airborne altimetry measurements collected by the International Collaborative Exploration

of the Cryosphere through Airborne Profiling (ICECAP) on 14 January 2019 (Roberts et al.,

2018). The time-series of satellite imagery presented in Chapter 2, spanning 1972-12-12 to

March 2017-03-29, was updated to include optical imagery acquired between 2017-08-01 and

2019-08-31.

The structural glaciological analysis identified the location of pinning points, basal channels,

surface crevasses, basal crevasses and rifts. A list of the identified features is provided in Table

3.1, along with their key characteristics used for identification.

Table 3.1: Features mapped from satellite images along with their characteristics

Feature Identification on satellite imagery

Pinning points Heavily crevassed regions at the edge of the ice shelf where the edge
position remains stationary and does not vary over time.

Basal channels Identified as crevasse-free, linear surface depressions that are orientated
along the ice flow direction and that are located between, and bordering,
bands of surface crevasses.

Surface crevasses Appear as thin dark lines in optical imagery, that can have a varied
orientation with respect to ice flow. Typically are 10s to 100s metres
long and are present in regions of high stress.

Basal crevasses Identified from linear surface depressions that have a gradual edge and
are typically orientated across the ice flow direction.

Rifts Appear as thin, very dark lines in optical imagery with a pronounced
sharp edge. Typically are hundreds of metres to several kilometres long
and orientated across-flow.

Basal channels were identified from surface depressions in the REMA surface elevation dataset.

These depressions in the ice surface are indicative of basal channels that are likely caused by

melt patterns at the base of the ice shelf (Rignot and Steffen, 2008; Vaughan et al., 2012;

Sergienko, 2013; Alley et al., 2016; Gourmelen et al., 2017). Basal melting causes the channels

to incise into the ice shelf resulting in thinner ice above the channels. The nearby ice responds
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Figure 3.1: Key structural glacial features are identified on a low-illumination Landsat 8
(panchromatic band) image acquired 2019-08-31 (A). Rifts are not shown in this image as they
are infrequent throughout the time-series. The approximate locations of pinned regions are
shaded blue. The subsets show examples of the characteristic orientations of surface crevasses;
in pinned regions (B) and in the crevasse bands (C). The lack of surface crevasses above the
basal channels is shown in D. The thin grey line is the MEaSUREs v.2 grounding line. Figure
3.6 shows the distribution of surface crevasses across the ice shelf in early 2017.

to this thinner ice by exhibiting a visco-elastic response or vertical flexing as it attempts to

reach a modified hydrostatic equilibrium, forming a compressive depression (Figure 3.1D) in

the ice surface in the process (Vaughan et al., 2012). The extent of the basal channels was

determined using the pattern of surface crevasses (e.g. Figure 3.1C). Surface crevasses form

between channels or at their margins, where the ice is thicker and where there is extension in

the surface layers due to bending stresses, resulting in surface crevasses that are abundant in
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the along-flow direction (McGrath et al., 2012a,b; Vaughan et al., 2012).

The surface crevasses visible in the Sentinel-2 optical image from 2017-03-29 were digitised

using ArcMap v10.6. This satellite image was chosen because the low illumination angle em-

phasised the shadows within the crevasses and there was no surface melt present to cause

mis-identification.

The satellite imagery time-series allowed identification of pinning points as they are regions

of high surface crevasse density that are indicative of a high stress regime resulting from the

ice being grounded in these locations (Figure 3.1B). These regions of high crevasse density, in

combination with an ice edge that varies little in position over the satellite time-series, provide

an approximation of the extent of the pinned regions. The exact extent of the pinning points

is hard to accurately define from surface features.

The basal crevasses were identified from surface depressions in the REMA surface elevation

dataset and from altimetry data collected by ICECAP on the 2019-01-14. This ICECAP flight

line crossed the undulations produced by the basal crevasses at a near-normal orientation. A

transect of points was derived from this flight line with a regular spacing of 22 m, which was

smoothed using an 11-point running mean to emphasise the overall structure of the depres-

sions. The surface depressions caused by basal crevasses are produced by a necking instability

whereby longitudinal tensile stresses cause narrow basal crevasses to widen and deepen over

time resulting in a surface depression as the ice responds in a visco-elastic manner (McGrath

et al., 2012b; Bassis and Ma, 2015). This process is similar to what occurs to the ice above

basal channels.

Clearly identifiable transverse-to-flow rifts were digitised from the satellite imagery time-series.

Other, smaller rifts were identified as incising rifts into the calving front, these smaller rifts

were qualitatively examined for their location of formation and involvement in the calving of

icebergs from the Sørsdal ice shelf.

An analysis of feature evolution was performed in order to identify the possible mechanisms

responsible for the change in ice shelf area forward of the flux gate over the time period (1972 to

2017). The changes in basal channel geometry were investigated using the spatial distribution

of surface crevasses as a proxy. The evolution of the basal crevasses was assessed using the

surface depressions visible in optical satellite imagery as an indication of their extent. Optical

satellite images with low illumination angles (such as in Figure 3.1) were particularly useful for

extracting the extent of basal crevasses as they show a pattern of reflectance that was consistent

with surface troughs (Luckman et al., 2012; McGrath et al., 2012a,b).
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3.2.2 Environmental Drivers of Change

To determine whether any key environmental drivers played a role in the calving of icebergs

from the Sørsdal ice shelf, or in the pattern of variability in the area of ice forward of the flux

gate, two principal environmental parameters were analysed. Sea ice (as a proxy for ocean

waves and swell) and air temperature (as a proxy for surface melt) observations were assessed

and compared to the results of the glaciological analysis.

Sea Ice

The sea ice data were divided into pack ice (the ice that is not attached to the coast but rather

is transient in its location and properties, such as thickness and concentration), and landfast

(or fast) ice, which is the ice that is attached to coastal features and experiences breakouts and

reformation typically on a seasonal basis.

Daily pack ice concentration estimates (2006-06-19 to 2011-10-03) were derived from Advanced

Microwave Scanning Radiometer-EOS (AMSR-E) imagery and provided by the University of

Bremen (Spreen et al., 2008). The mean daily concentration of pack ice in front of the Sørsdal

ice shelf was derived from the mean concentration across a 3 x 3 sampling grid that spanned

∼12.5 km x 12.5 km, with points at 6.25 km intervals and the central point at 504624 mN,

2291187 mE.

A 31-day running mean was used to smooth the data instead of using a monthly average of pack

ice concentration as this allowed increased retention of variability information. A concentration

threshold was applied; when the daily mean concentration of pack ice was below 15 % this

represented ice-free conditions and when the daily mean pack ice concentration was above 15%

this represented ice-bound conditions. The mean ice-free and ice-bound concentrations were

compared and the duration of the conditions (ice-free or ice-bound), in number of days, was

also calculated. Figure 3.2 shows the sampling points of the pack ice and fast ice observations.

The fast ice coverage estimates were derived from a series of 1 km, 15-day resolution cloud-free

MODIS composite maps, from March 2000 to March 2018 (Fraser et al., 2010, 2019, 2020). At

the sampling locations shown in Figure 3.2, a binary record of the fast ice presence/absence was

created for each 15-day composite fast ice map. The yearly total of days of fast ice presence

was calculated for each of the two fast ice sites from 2000 to 2017 (inclusive).

Surface Melt

The second environmental driver analysed was surface melt. Satellite imagery was used to

identify melt water features and air temperature observations were used to estimate the cumu-

lative positive degree days (CPDD). The CPDD (◦C/yr) is the sum total of daily average air

temperatures above 0 ◦C over a period of time, typically one year (Liang et al., 2019), and so
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Figure 3.2: The presence of pack ice and fast ice within the Prydz Bay region in front of the
Sørsdal ice shelf. Yellow dots are pack ice sampling grid locations and red dots are the fast ice
sampling locations, overlaid onto the Landsat 8 image acquired 2018-10-31.

represents the total energy available for melting snow and ice over that year (Braithwaite and

Olesen, 1989; Huybrechts and Oerlemans, 1990; Zwally et al., 2002). Quantifying the volume

of surface melt is beyond the scope of this work and instead the amount of melt is assumed to

be proportional to the CPDD.

In order to calculate CPDD the daily average air temperature values that were greater than

0 ◦C that occurred over a glacial year (from 1st August to 31st July the following year) were

summed. Daily average air temperature values were calculated from maximum and minimum air

temperature observations recorded at Davis Station (∼10 km from the Sørsdal ice shelf within

the Vestfold Hills). The daily maximum and minimum observations were used to derive the

daily average air temperature (WMO, 2011), because the observations covered the time period

of the satellite time-series (1970-01-01 to 2019-01-01) and because daily average temperature

observations should be more closely related to local and short-term variations in melting (Zwally

and Fiegles, 1994). This method may have produced values slightly different to the true daily

average (Dall’Amico and Hornsteiner, 2006).

Before these daily average temperature values could be used to represent surface melt on the

Sørsdal ice shelf they first had to be corrected to ensure they represented air temperature

values recorded on the Sørsdal ice shelf. An Automatic Weather Station (AWS) was installed
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on the glacier (472830 mN, 2294588 mE, Figure 1.5) and recorded air temperature at ten minute

intervals from 2016-12-08T00:04 until 2017-06-04T22:50. These observations were averaged over

30 minute intervals and were compared to observations from an AWS installed at Davis Station

for the same times and for the same time period. Filtering removed any additional observations

and gaps due to missing data. The relationship between the air temperature datasets is shown

in Figure 3.3. The correlation coefficient (R2) is 0.931 indicating a strong linear relationship

between these two datasets. The slope of the line is 0.964 and the offset is 2.03, which indicates

that the air temperatures recorded on the Sørsdal ice shelf were on average 2.03 ◦C cooler than

those recorded at Davis Station. The daily average air temperature values recorded at Davis

Station from 1970 until 2019 were then corrected using this constant temperature offset.

Figure 3.3: Scatterplot comparing Davis Station and Sørsdal ice shelf air temperature records
for the period 2016-12-08T00:04 until 2017-06-04T22:50.

3.3 Results

3.3.1 Basal Channels

Surface depressions formed by the basal channels are clearly visible in the REMA elevation

dataset (Figure 3.4), which indicates the presence of two basal channels that have an along-flow

orientation, range in length from 9 to 13 km, and vary greatly in their width, with the surface

depressions formed by the basal channels extending up to 1.2 km wide in some places. The

sequence of multiple basal channels on the Sørsdal ice shelf creates a series of undulations in the
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surface with a peak in surface elevation values in between the basal channel troughs. Numerous

surface crevasses are present on this surface elevation high and are primarily orientated in an

along-flow direction.

Figure 3.4: Surface elevation data from REMA are overlaid onto the Sentinel-2 image from
2017-03-29. The basal channels are indicated and the yellow line is the transect that crosses
the basal channels and crevasse bands used in Figure 3.5.

The relationship between surface crevasses and basal channels is illustrated in Figure 3.5, where

the surface elevation is shown along a transect (yellow line in Figure 3.4), extracted as a series

of points with 50 m spacing along the transect, shown here in metres above sea level. The

surface crevasses that are present across the top of the thicker ice in between the basal channels

are captured in the high resolution surface elevation dataset. The ice draft is calculated using

the assumption of hydrostatic equilibrium, a seawater density of 1,027 kg/m3 and an ice density

of 917 kg/m3.
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Figure 3.5: The solid blue line is the measured surface elevation in metres along the transect
shown in Figure 3.4. The dashed blue line represents the base of the ice shelf and is calculated
from surface elevation and derived ice thickness estimates. Green arrows indicate compression
and red arrows indicate extension that leads to surface crevasse opening. Ice flow is into the
page.

3.3.2 Surface Crevasses

Figure 3.6 shows areas of high surface crevasse density along the southern and northern margins

of the ice shelf which are the likely result of the ice pinning (P) in these regions or as a result

of strain thinning as the ice extends into embayments within the Vestfold Hills. Towards the

section of the ice shelf closest to the grounding line, there is a small region of high crevasse

density upstream of a depression feature (D). These crevasses may result from the ice being

grounded here and/or from the steep surface slope. There are also two crevasse bands (S.C.B.

and N.C.B.) that stretch from downstream of the grounding line towards the calving front and

vary in width between 600 and 900 m. Situated between the N.C.B. and the northern edge

of the ice shelf are numerous arcuate structures (A) that are indicative of crevasse traces that

have resulted from closed crevasses (Glasser and Scambos, 2008). These crevasse traces stem

from the depression feature and are present until near the calving front.

In addition to the surface crevasses analysed here, there are transverse-to-flow surface crevasses

that were not shown in the glaciological structural analysis. These surface crevasses are present

along the ridges in between the basal crevasses and can only be seen in high resolution satellite

imagery and aerial photographs.
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Figure 3.6: Digitised surface crevasses overlaid onto the Sentinel-2 image (2017-03-29) from
which they were digitised. The Southern Crevasse Band (S.C.B.), the Northern Crevasse Band
(N.C.B.), locations of pinning (P), arcuate structures (A) and the depression feature (D) are
all identified in the image. The thin grey line is the MEaSUREs v.2 grounding line.

3.3.3 Pinning Points

The Sørsdal ice shelf is found to be grounded along its southern and northern edges as well as

on either side of the main calving front (Figure 3.6). High surface crevasse density is visible in

the optical satellite imagery.

3.3.4 Basal Crevasses

Basal crevasses are inferred from the depression in the ice surface that forms above them. Ex-

amples of depressions caused by basal crevasses that result in a series of undulations comprised

of repeating troughs and peaks are shown in Figure 3.7. The time-series of satellite imagery
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indicates that basal crevasses initiate up-glacier of the calving front, develop with ice flow

and eventually become the location of the new calving front. This relationship between basal

crevasses and the new calving front is illustrated in Figure 3.7, where the basal crevasse num-

ber 1 advects, develops and eventually becomes the boundary of calving, leaving basal crevasse

number 2 to continue advecting and developing with ice flow.

Figure 3.7: A sequence of satellite images showing the depressions caused by the basal crevasses
(numbered) and how these depressions determine the geometry of the calving edge.

The depressions labelled 1 and 2 in Figure 3.7 are identified in Figure 3.8, which shows the

characteristics of the series of undulations caused by the basal crevasses in the ICECAP surface

elevation data. The plot shows one depression clearly (1) and the other (2) is harder to discern

(Figure 3.8).

Figure 3.8: A) ICECAP flight line overlaid on a Landsat 8 image acquired 2019-01-12, and B)
surface elevation values (in metres above sea level) along the flight line shown in A. The seaward
depression caused by a basal crevasse (1) is clearly visible at ∼ 400 m along the transect. The
depressions caused by the basal crevasses are numbered similar to those in Figure 3.7.
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Figure 3.9: The digitised basal crevasse depressions are split into two groups. The black lines
(A) are digitised depressions from satellite images acquired prior to 1st January 2006 and green
lines (B) are from images acquired after this date. The red outline is the furthest extent of the
calving front location in the time-series (2004-02-03).

Basal crevasses have initiated in the same region on the northern margin of the ice shelf for the

entire satellite time period from 1972 until 2019 (Figure 3.9). In the satellite time-series, the

farthest up-glacier these depressions can be clearly identified is nearly 2 km from the calving

front (as of the 2019-03-04 image) and 500 - 1000 m in from the northern edge of the shelf.

Figure 3.9 also shows that the basal crevasses lengthen as they advect with ice flow.

3.3.5 Rifts

The narrow linear features that indicated rifts in optical imagery were digitised, the locations

of which are shown in Figure 3.10. Nine satellite images show rifts between 1989 and 2019.

The imagery prior to 1989 is too low in spatial resolution to allow the clear identification of

rifts. The majority of the rifts occur in the southern half of the ice shelf, though there is one

rift that is present on the northern half of the ice shelf. The characteristics of the digitised

rifts are listed in Table 3.2. The average distance from the calving front (m) is measured from

multiple locations along the rift to the calving front location in the image the rift was digitised

from. All the rifts have an across-flow orientation. Figure 3.10 shows that the majority of the

rifts do not connect to the southern edge of the ice shelf, and are located directly in line with

the pinning point at the southern corner of the main calving front.

The rifts in Table 3.2 do not vary greatly in their length nor in their distance from the calving

front. Despite the infrequent availability of early satellite imagery some rifts were visible in



3.3. RESULTS 62

Figure 3.10: Digitised rifts from optical satellite time-series overlaid onto a Landsat ETM+
image acquired on 2000-02-17 showing a rift is present. The P symbol identifies the location of
pinning points.

Table 3.2: Rift characteristics derived from satellite imagery

Image dates Total length (m) Average distance from the calving front (m)

2000-02-17 1501 660

2005-01-29 1313 1285

2006-11-23 1461 670

2009-02-16 1341 610

2010-01-18 1764 635

2010-11-18 1266 890

2011-02-22 1885 880

2013-12-27 713 675

2019-01-28 2748 625

the satellite times-series for less than two to three weeks before a new calving front was visible

in the imagery. Unfortunately, gaps in the time-series do not allow exact measurement of the

time period between rift initiation and the subsequent calving event.
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On the Sørsdal ice shelf there are also smaller rifts that propagate slowly in from the ice shelf

edge (and are termed incising rifts here), these features are too numerous to digitise and are

present throughout the time-series. The incising rifts mainly occur at the ice shelf edge that

has advected past the northern pinning point (Figure 3.11). This region of the ice shelf is

heavily crevassed and incising rifts occur frequently but only the incising rifts that form in

near alignment with the basal crevasses propagate hundreds of metres into the shelf and widen

extensively.

Figure 3.11: Examples of incising rifts are identified in Landsat 8 satellite images; acquired 2013-
12-27 (A), and 2019-01-28 (B). Figure C is an aerial photograph (taken by Marty Benevente on
2019-02-07) showing the same rift and cave system visible in B. The black arrows approximate
ice flow direction and the red P indicates the location of a pinning point.

Small scale calving events occur multiple times during the time-series as a consequence of
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multiple incising rifts forming along the northern edge of the ice shelf past the pinning point.

An example of this situation is shown in Figure 3.11A, where the isolated section of ice between

the two incising rifts breaks off to form small icebergs. This satellite image also shows that the

incising rifts can join with other rifts or surface crevasses that form in the depressions caused

by the basal crevasses. This then leads to rapid widening of the incision and the connected

fracture until calving eventually occurs.

3.3.6 Caves

Caves were not originally identified in the structural glaciological analysis as they do not appear

frequently in the satellite imagery time-series and they also require high resolution imagery

and/or oblique imagery to identify them. However, recent field work conducted (October 2018

to March 2019) in front of the Sørsdal ice shelf calving front (Gwyther et al., 2020) identified

the presence of caves in the calving face and a calving event, that occurred shortly after the

field work ended, highlighted the role these features play in iceberg calving. In 2019 three large

caves were seen along the calving face of the Sørsdal ice shelf. The two largest caves are shown

in Figure 3.12 and correspond to the caves labelled A and B in Figure 3.13.

Figure 3.12: Photographs taken on the 2019-01-18 of cave A by Erica Spain (after ceiling
collapse) (A) and cave B taken by Peter King (B).

The satellite time-series shows that caves form slowly and can be identified from the lowering

of the ice that acts as the ceiling of the cave. Examples of cave-induced surface lowering are

shown in Figure 3.13. The Sentinel-2 satellite image in Figure 3.13B shows two caves along the

calving face of the Sørsdal ice shelf in 2018, though the cave labelled A is the better example

of surface lowering. The higher resolution satellite imagery in the time-series (e.g. Sentinel-2

at 10 m resolution) as well as photographs taken from a helicopter indicate that caves can be

involved in the along-flow determination of iceberg boundaries, as shown in Figure 3.11C. In a

recent calving event from the Sørsdal ice shelf in 2019, caves A and B in Figure 3.13 are where

fractures became the iceberg boundaries (Figure 3.13C).
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Figure 3.13: The Sentinel-2 satellite image (acquired 2018-11-14) shows two caves along the
calving face of the Sørsdal ice shelf (Panel B). The inset bounded by the red box (Panel A)
is a photograph taken by Peter King on the 2018-12-27 of the cave labelled B in Panel B. A
photograph (taken by Marty Benevente on 2019-02-07) shows the locations of the caves A and
B in relation to iceberg boundaries (Panel C).

3.3.7 Feature Evolution

An analysis of the change in the glacial features over the time period (from 1972 until 2019)

shows that changes occur in the geometry of the basal channels, in the distribution of the
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surface crevasses and in the length of the basal crevasses.

The distribution of basal channels, as indicated by the surface crevasse distribution has not

been static over time. Evidence for the changing pattern of the surface crevasses is shown by

the selection of satellite images in Figure 3.14. The Landsat MSS image from 1973 (Figure

3.14A) shows the surface crevasses in an elongated V-shaped formation, with only one point of

origin upstream and two tips that roughly align to where the two crevasse bands are situated

on the ice shelf in 2019. The SPOT image acquired in early 1990 shows that this V-shape

advected with ice flow and that the surface crevasses at the initiation point (down-glacier of

the grounding line) exhibit a different pattern. There are two points of origin in 1990 (Figure

3.14B). By 2001 (Figure 3.14C) the Landsat ETM+ image shows the region that was originally

the single tip of the V-shape (in 1973) has almost advected as far as the calving front and

there are now two long thin bands of surface crevasses. Finally, the Landsat 8 image from 2014

(Figure 3.14D) shows a pattern similar to what is observed today (2019) with two long thin

bands of surface crevasses.

The time-series of satellite imagery also shows the evolution of basal crevasses (Figure 3.9). The

lengths of the depressions caused by basal crevasses have changed over the time period covered

by the imagery (from 1972 to 2019). From the start of the time-series until late 2005/early

2006 the depressions stretch across almost the entire width of the ice shelf. Satellite imagery

acquired during 2006 show no extension of the surface depressions across the full width of the

ice shelf as before. This pattern of reduced length continued from 2006 until 2019. Figure 3.15

provides examples of surface depression extents.

The method of using surface depressions as indicating basal crevasse length is limited, as it is

based on assumptions related to the lowering of the ice surface above the crevasses. Therefore, it

is possible that the basal crevasses still extend across the ice shelf in later years but their surface

depressions are not as pronounced due to the fractures in the ice shelf base being narrower. The

ice shelf also does not advect as far forward in later years as it did in 2004. Instead, calving

occurs before this advance can happen and so the depressions may not have enough time to

develop.

The time-series of satellite imagery shows changes related to rifts. The rifts identified in imagery

from 2000 and 2005 (Table 3.2) are located within basal crevasse-induced surface depressions.

The rifts identified in imagery from late 2006 onwards are not situated within surface depressions

but rather are extensions of them, where the depressions cover the northern half of the ice shelf

and the rifts span the southern half. Figure 3.16 provides examples of the connection between

rift formation and the presence of basal crevasses (as identified from their surface depressions).
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Figure 3.14: Series of satellite images showing change in the pattern of surface crevasses,
indicating variation in the geometry of basal channels; A) a Landsat MSS satellite image from
1973, B) a SPOT image from 1990, C) a Landsat ETM+ image from 2001, and D) a Landsat 8
image from 2014. The grey line bounding the surface crevasse field(s) is approximate and may
be influenced by the presence of snow cover.



3.3. RESULTS 68

Figure 3.15: Satellite images showing the depressions caused by the basal crevasses and their
different spatial patterns across the ice shelf, A) Landsat ETM+ image acquired 2003-01-24
and B) Sentinel-2 image acquired 2018-11-14.

Figure 3.16: The connection between rifts and surface depressions is illustrated here, with A)
showing a rift located within a depression (image acquired 2005-01-29) and B) showing a rift
that is not located within a depression (image acquired 2010-11-18). Black diagonal stripes are
due to a well-known scan line correction fault in Landsat 7 images.

3.3.8 Sea Ice as a Proxy for Ocean Waves and Swell

Figure 3.17 gives examples of sea ice cover at different times of the year in front of the Sørsdal

ice shelf. Figure 3.17B illustrates the ice-free conditions that are analysed in Figure 3.18 and
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Table 3.3.

Figure 3.17: Examples of sea ice cover at different times of the year; austral spring (A) and
summer (B). Satellite images are both Landsat 8 images that were acquired 2018-10-31 and
2019-01-12, respectively.

Pack ice

The variability in the mean concentration of pack ice across the grid of points in front of the

Sørsdal ice shelf (smoothed with a 31 day running mean) is shown in Figure 3.18. The dashed

line in Figure 3.18 represents the threshold concentration (15%) used to separate the pack ice

observations into ice-free conditions and ice-bound conditions. The number of days of ice-free

and ice-bound conditions are shown in Table 3.3, where the ice-free conditions represent the

austral summer and therefore stretch across two years. The year listed in Table 3.3 represents

the year the ice-free conditions ended, for example, the ice-free conditions listed as 2003 spanned

from 2002-11-04 to 2003-03-05. Table 3.3 shows that there is a slight decrease in ice-free

condition duration over the time period (2003 to 2011).

Fast ice

The yearly total of days of fast ice presence is calculated for each of the two sites from 2000 to

2017 (Figure 3.19). The fast ice presence data can be used as an indicator of fast ice duration

for each year. Figure 3.19 shows that in 2014 and 2016 fast ice was present in front of the

ice shelf for the longest durations recorded in the time-series (165 and 225 days, respectively).

However, the total fast ice presence in 2013, 2015 and 2017 is much lower (as are the majority

of the other yearly totals in the time-series), suggesting that 2014 and 2016 are anomalously

high observations of fast ice presence. There is also a peak in fast ice presence in 2007 of 120

days. There is no clear increasing or decreasing trend across the time-series in fast ice presence
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Figure 3.18: 31-day smoothed daily mean pack ice concentration offshore of the Sørsdal ice
shelf. The dashed line is the 15 % threshold ice concentration indicating the ice-free threshold
used here.

Table 3.3: Pack ice seasonal differences (duration)

Year
Ice-free duration

(days)

Ice-bound duration

(days)

2003 122 234

2004 140 246

2005 116 246

2006 113 249

2007 113 244

2008 124 257

2009 81 268

2010 117 253

2011 105

in front of the ice shelf. Fast ice in the bay to the south of the ice shelf also shows no clear

increasing or decreasing trend across the time-series.

3.3.9 Surface Melt and Cumulative Positive Degree Days

The time-series of optical satellite imagery provides snapshots of melt conditions over the time

period from 1972 until 2019, as well as the spatial distribution of melt features across the ice

shelf surface. The surface of the Sørsdal ice shelf is predominantly bare ice (Hui et al., 2014)

and this is particularly noticeable during the summer seasons that experience high cumulative
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Figure 3.19: Time-series of fast ice presence at two points located near the Sørsdal ice shelf
(point locations shown in Figure 3.2).

surface ablation. For example, in January 2001 and 2018 there is very little snow cover on the

surface of the ice shelf as noted by small patches that appear white due to the higher albedo of

snow relative to the lower albedo/darker ice surface (Figure 3.20). Numerous supraglacial lakes

are visible in the optical imagery as patches of dark blue. Some meltwater features are elongated

in the along-flow direction and others are more circular. The lakes that are situated on the

grounded ice section are fixed in their location, whereas the lakes that form on the floating

section of the glacier advect with ice flow. Linear blue features are likely to be meltwater

streams that can flow into or drain from the supraglacial meltwater lakes.

Figure 3.21 shows that between 1970 and 2018 the annual CPDD has decreased, with inter-

annual variability across the time period. The statistically significant (p value of 0.038) negative

trend indicated by the linear regression line (slope of -0.34, offset of 29.29 and R2 of 0.09) sug-

gests that the surface melt has also decreased over the time-series, given the strong correlation

between maximum air temperature and surface melt (Liang et al., 2019), but there is a lot of

variability which reduces the correlation coefficient.

The results shown in Figure 3.21 suggest that particular summer seasons experienced high sur-

face melt. There are three distinctive peaks in CPDD that occur in the summers of 1991/1992,

2004/2005 and 2013/2014. Limited satellite image availability at these times negates the ability

to directly compare the CPDD results to observations of the surface meltwater features, though

satellite imagery during the summers of 2004/2005 and 2013/2014 show extensive blue ice and

the presence of large meltwater streams.
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Figure 3.20: The spatial distribution of surface melt accumulation across the Sørsdal Glacier
and ice shelf shows the lakes up-glacier of the grounding line are fixed in position and the lakes
on the floating section advect with ice flow. A) is a Landsat ETM+ image acquired 2001-01-18,
B) is an ASTER image acquired 2006-01-30, C) is an ASTER image acquired 2013-02-04 and
D) is a Landsat 8 image acquired 2018-01-16.
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Figure 3.21: The variability in CPDD for each glacial year (1st August to 31st July) from 1970
until 2018, where the end year is the glacial year data point.

3.4 Discussion

3.4.1 How the Sørsdal Ice Shelf Produces Icebergs: A Conceptual

Model

The structural glaciological analysis performed here identified the existence of a complicated

relationship between basal crevasses and rifts that is the key to the process of calving at the

Sørsdal ice shelf. The basal crevasses form and advect with ice flow for many years, increasing

in length and width due to ductile deformation and melting (Bassis and Ma, 2015). The long,

transverse-to-flow rifts on the other hand generally do not persist for very long and are followed

closely by calving events. Prior to the start of 2006 the rifts are present within the depressions

caused by the basal crevasses on the southern half of the ice shelf, then a change occurs and

following 2006 the rifts form at the end of the basal crevasses which no longer extend as far

across the southern half of the ice shelf, so the combined basal crevasse and rift becomes the

across-flow iceberg boundary.

A schematic of the Sørsdal ice shelf that outlines the processes and linkages is shown in Figure

3.22 and is based on a calving event that took place in January 2019 (Figure 3.23B and C).

An aerial photograph from Operation Highjump taken in 1947 (Brolsma, 2017) indicates that

similar processes were involved in calving at this time as they are now (Figure 3.23A).

The conceptual model starts with a calving front position that is well constrained between

the two pinning points that are present at either side of the calving front of the Sørsdal ice

shelf (Step 0). As the ice advects forward of these two pinning points the basal crevasses that

form up-glacier of the calving front advect with ice flow until the most seaward one of these
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Figure 3.22: The conceptual model shows the glacial features that interact in the current
production method of an iceberg from the Sørsdal ice shelf. Fractures identified in Step 3 are
rifts and/or surface crevasses.

features is also forward of the pinning point (Step 1). The ice flow velocity in the region of the

ice shelf where the basal crevasses form is 200 − 300 m/yr (values from MEaSUREs v.2). As

the ice has been advecting, incising rifts have developed at the northern edge pinning point,

and caves have also developed along the calving face (Step 2 in Figure 3.22). Ice advection

continues and as it does, the basal crevasses get wider and lengthen, as do the incising rifts and

caves. In some cases the incising rifts can reach a basal crevasse and create a fracture (Figure

3.23B), that can act to hasten the process of calving, particularly of smaller icebergs from this

area of the ice shelf. The advection and development of the basal crevasses and incising rifts

continues until the conditions are right for calving to occur (Step 3). Calving occurs following

the development of an across-flow rift in the southern half of the ice shelf that joins with a

basal crevasse. Other rifts may form at this time and connect the across-flow rift to the calving

front, often connecting with the caves that are in the calving face and in doing so form the

along-flow boundaries of icebergs.

The conceptual model illustrates the important role that basal crevasses play in iceberg calving

from the Sørsdal ice shelf. The analysis in Section 3.3.4 indicates that it is highly likely that

the basal crevasses found on the Sørsdal ice shelf are the result of a pinning point along the

northern margin of the ice shelf. The development of surface depressions caused by the basal

crevasses shows that the basal crevasses form nearly 2 km up-glacier from the calving front,

some 500 - 1000 m in from the ice shelf margin, and in a region that is well constrained by

pinning points. The presence of pinning points is suggested by the undulating ice surface,

high surface crevasse density and the unchanging position of the ice shelf margin in this area.

Across-flow basal crevasses are also prevalent on other Antarctic ice shelves, and typically form

near the grounding line (e.g. Humbert and Steinhage, 2011; Luckman et al., 2012; McGrath
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Figure 3.23: Calving mechanisms and their connections, shown in A) Operation Highjump
aerial photograph from 1947, B) Landsat 8 image from 2019-01-28 before calving occurred,
and C) an aerial photograph taken by Marty Benevente on the 2019-02-07. BC refers to basal
crevasses, R is rifts and C refers to caves. The north arrow direction in A and C is approximate.

et al., 2012b; Wesche et al., 2013). Basal crevasses have also been identified as the primary

drivers of the calving regimes of other ice shelves, e.g. the Totten Ice Shelf (Cook et al., 2018b).

This model also highlights the importance of rifts as a driver of calving from the Sørsdal ice

shelf, particularly the long across-flow rifts. These types of rifts are common on Antarctic ice

shelves (e.g. Joughin and MacAyeal, 2005; Glasser and Scambos, 2008; Lazzara et al., 2008;

Howat et al., 2012; Wesche et al., 2013), and usually open perpendicular to the direction of

principal stretching where the ice is extending (van der Veen, 1999). The majority of the rifts

on the Sørsdal ice shelf are not connected to the edge of the ice shelf. This suggests that they

do not form by propagation in from the edge such as rifts on the Amery Ice Shelf (Fricker et al.,

2002b; Walker et al., 2013; Wesche et al., 2013). Identifying the exact mechanisms that cause



3.4. DISCUSSION 76

the rifts to initiate and develop is beyond the scope of this work, though it is likely to be related

to the basal crevasses. A strong connection between rift initiation and basal crevasses has been

found on Pine Island Glacier, where the rifts also initiated in the centre of the ice shelf and

were originally basal crevasses (Jeong et al., 2016)

3.4.2 Interconnections

In order to identify the possible mechanisms responsible for the variability in the area of the

ice shelf that is forward of the flux gate, from 1972 until 2017, the evolution of several key

glaciological features was analysed. The results of this analysis indicate that there may be a

complicated relationship between basal channel geometry and the other glacial features, such

as surface and basal crevasses, and even rifts.

The geometry of the basal channels changed over time (as indicated by the distribution of the

surface crevasses). There were also changes in the lengths of the depressions caused by the basal

crevasses near the calving front, and the location of rift formation. Prior to late 2005/early

2006 the basal crevasses extended well into the southern half of the ice shelf. Coinciding with

these extended basal crevasse lengths were rifts that developed within the depressions caused

by these basal crevasses. Following late 2005/early 2006, the depressions caused by the basal

crevasses did not extend across the ice shelf to the same extent as before, and rifts did not form

within the depressions, but rather formed as extensions of them.

The changes observed in the basal crevasses and rifts may be related to the development and

changes in the geometry of the basal channels. At the start of the time-series (1972) there

is a V-shaped pattern of surface crevasses. This suggests that prior to 1972 there were two

basal channels present at the base of the ice shelf that caused the formation of two crevasse

bands. A change, in an unknown process, caused these two surface crevasse bands to become

joined (suggesting a transition to a single basal channel). Imagery from 1990 then shows the

development of the southern crevasse band (along with the existing northern crevasse band),

suggesting a transition back to the previous system of two basal channels. Over time the

southern crevasse band continued to develop and as a result lengthened with ice flow. In late

2005/early 2006 the southern crevasse band is parallel to the gap between the two pinning

points on the southern margin of the ice shelf, suggesting that both the northern and southern

basal channels have reached this location.

The timing of the basal channels reaching this location on the ice shelf and the changes exhibited

in the glacial features at the calving front, suggests there is a connection between the basal

channels and the basal crevasses (and rifts). A possible explanation for this apparent connection

relates to the mechanism of basal channel formation. Basal channels form at the base of ice

shelves as a result of melting, and have been found on other Antarctic ice shelves (Marsh et al.,

2016; Le Brocq et al., 2009, 2013; Alley et al., 2016). The melting that creates these features
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can be ocean driven (Alley et al., 2016) or driven by subglacial meltwater plumes (Le Brocq

et al., 2009, 2013).

The process responsible for the pattern of melting that forms the basal channels on the Sørsdal

ice shelf is unknown, though it is possible that subglacial meltwater is responsible. There

are low rates of estimated basal melt at the ice shelf (e.g. 1.5 m/yr), derived from in-situ

observations from an ApRES unit introduced in Chapter 2 (Cook et al., 2018a) and from

modelling studies (Gwyther et al., 2020). However, results from Le Brocq et al. (2013) show

two persistent subglacial meltwater channels at the base of the grounded ice that feeds into the

Sørsdal ice shelf. Livingstone et al. (2013) simulated potential subglacial drainage pathways

and show a single drainage outlet in the region of the Sørsdal Glacier grounding line. Jamieson

et al. (2015) found canyons in the bedrock in this region that could act to channel subglacial

meltwater towards the grounding line of the ice shelf. These findings strongly support the

suggestion that the Sørsdal ice shelf basal channels are due to plumes of subglacial meltwater.

Therefore, the changes exhibited by the basal channels over time are the likely result of a change

in the pattern of subglacial routing at the grounding line (Le Brocq et al., 2013).

If the basal channels are produced as the result of subglacial meltwater plumes then the de-

velopment of the northern basal channel over time may have caused changes to occur in the

path of the meltwater plume along the base of the ice shelf. It is possible that prior to 2006

the majority of the meltwater did not reach the calving front of the ice shelf and instead flowed

out through the gap in the southern margin. Following late 2005/early 2006, the continued

development of the two basal channel system acted to funnel the meltwater towards the south-

ern half of the calving front leading to increased basal melt in this region. The increase in

basal melt along the southern half of the ice shelf calving front is likely to have influenced the

fractures present within this region. Basal channels have been found to influence the initiation

and development of fractures within an ice shelf, which in turn influences the calving regime

through the structural weakening they cause (Alley et al., 2016; Dow et al., 2018). The finding

that the basal channels present on the Sørsdal ice shelf have changed, which resulted in changes

in the calving regime, has important implications for understanding the drivers of change ex-

hibited by Antarctic ice shelves. Ice shelves, such as the Sørsdal ice shelf, may be vulnerable

in the future not just to changes driven by increased air and ocean temperatures but also by

changes in the subglacial hydrological network (Le Brocq et al., 2013; Dow et al., 2018).

3.4.3 Potential Future Changes

The trends in the environmental drivers (ocean swell and waves, as well as surface melt) were

compared to trends in the area of ice shelf forward of the flux gate. The results of these

environmental analyses show that there is little to no connection between the environmental

drivers and the calving regime of the Sørsdal ice shelf.
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A very small decrease in the duration of the pack ice-free conditions between 2003 and 2011

was identified as well as high values of fast ice presence in front of the ice shelf in 2014 and

2016, and to a lesser extent between 2006 and 2008. These results suggest increased sea ice

was present at times when the ice shelf experienced calving events, so it seems the increase in

the area of the ice shelf forward of the flux gate prior to 2004, and the following decrease in

area due to calving, is not linked to ocean swell and wave action. The change in extent is the

opposite of what would be expected given increased sea ice which would cause a reduction in

ocean swell and wave action and so less calving and a propagation forward of the ice shelf. This

is not to say that ocean swell and wave action may not play a role in calving, as they may act

upon the glacial features such as the caves and incising rifts and influence their development.

There is a relatively small negative trend in CPDD (as a proxy for surface melt) from 1970 to

2018. Comparing this trend in the surface melt to the variability in the area of ice forward of

the flux gate shows that surface melt has no significant influence on the calving regime. The

minimum ice extents since 2000 occur during the austral summers of 2006/2007, 2011/2012

and 2016/2017. The first two of these minimums occur when there are low melt seasons (low

CPDD) and the last when there is a peak in CPDD. This peak in CPDD is supported by

large meltwater lakes observed on the ice shelf in satellite imagery, and a calving event occurs

sometime between 2016-02-19 and 2016-08-29. However, there was no surface melt observed in

satellite imagery near the calving front prior to this calving event, so it is very unlikely that

surface melt played any role in this calving event.

The findings of the environmental and glaciological analyses suggest that in the future the

Sørsdal ice shelf is more likely to be vulnerable to changes in ocean characteristics than it is to

atmospheric warming. If surface melt was to increase in the future as a result of atmospheric

warming then the increased volumes of meltwater are likely to be channelled off the surface of

the ice shelf through an established network of lakes and streams that are shown to form across

the surface in the satellite imagery, similar to the process described in Bell et al. (2017). A

network of supraglacial lakes and streams similar to what was found on the Sørsdal ice shelf

is also present on many other Antarctic ice shelves (Phillips, 1998; Bell et al., 2017; Kingslake

et al., 2015, 2017; Bell et al., 2018). The only locations where future surface meltwater may

have an influence is in the surface depressions caused by the basal crevasses at the calving front.

If the topography of the ice shelf changes (i.e. as a result of another change to the geometry

of the basal channels) so that the meltwater drains into these surface depressions, then given

that the thinner ice above these crevasses is more susceptible to fracture caused by the pressure

from the meltwater, then the process of hydrofracture may occur (Scambos et al., 2000, 2003;

Bassis and Walker, 2012; McGrath et al., 2012b), and so surface meltwater may eventually play

a role in the calving process.

Given that the calving regime of the Sørsdal ice shelf is driven by basal crevasses, any increase

in the temperature of the ocean waters that enter the cavity beneath the ice shelf may have
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an influence on the calving regime and thus the stability of the ice shelf. Any increase in

basal melting, either across the entire ice shelf base or localised within the region of the basal

crevasses may have an impact on the ice shelf. For example, if summer-warmed surface water

was to reach the underside of the Sørsdal ice shelf calving front then increased localised melt

may occur within the basal crevasse region. These summer-warmed surface waters have been

found under other Antarctic ice shelves (Hattermann et al., 2012; Stern et al., 2013; Stewart

et al., 2019). Increased basal melt, from any source of warmer ocean waters, has the potential to

lead to intensified melting within the basal crevasses. Intensified melting within basal crevasses

was observed on Pine Island Glacier, and was suggested to be responsible for the accelerated

rift development and retreat behaviour of the ice shelf (Jeong et al., 2016).

3.5 Conclusions

The work presented here identifies the primary drivers of iceberg production from the Sørsdal

ice shelf. Surface elevation data were used in conjunction with a time-series of visible satellite

imagery to perform a glaciological structural analysis, identifying the presence of rifts, surface

and basal crevasses as well as basal channels on the Sørsdal ice shelf. Analysis of the characteris-

tics of these features, how they vary over time and how they interact informed the development

of a conceptual calving model. This model shows that basal crevasses are the primary driver of

the pattern of calving at the Sørsdal ice shelf and that there exists an important relationship

between rifts and basal crevasses on this ice shelf.

To determine how these glacial features might have affected the calving front position of the

Sørsdal ice shelf, and as a result the area of the ice shelf forward of the flux gate, the features were

analysed for change and compared to the environmental drivers of air temperature observations

(as a proxy for surface melt) and sea ice observations (as a proxy for ocean swell and waves).

The duration of pack ice-free conditions in front of the Sørsdal ice shelf decreased between 2003

and 2011 and the duration of fast ice cover in front of the ice shelf peaked in 2014 and 2016, but

neither of these trends correlated with the observed variability in the area of the ice shelf forward

of the flux gate and so were not important. CPDD decreased from 1970 to 2018 suggesting

a reduction in surface melt over the time period, which again showed no correlation to the

observed calving behaviour of the ice shelf. These outcomes of the environmental analyses show

no significant relationship between the environmental proxies and the calving front location,

and thus the related calving regime. Instead, analysis of the glaciological structures over time

identified a change in basal channel shape, which was linked to the propagation of basal crevasses

and the formation of rifts, and hence the stable calving front location. These findings indicate

that the calving regime of the Sørsdal ice shelf is controlled by internal glaciological processes

(i.e. basal crevasses), not external drivers.

The findings from this work contribute to the background knowledge of the calving regimes
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of small Antarctic ice shelves and how they may respond to future changes in environmental

conditions. A key finding is related to the presence of surface melt. Other Antarctic ice shelves

(particularly those of the Antarctic Peninsula) exhibited high volumes of surface melt prior

to collapse, highlighting the connection between surface melt and calving through the process

of hydrofracture. However, other ice shelves that show high volumes of surface melt have not

collapsed and instead the surface melt has been routed off the surface through networks of

supraglacial lakes and streams, which have acted to stabilise the ice shelves (Bell et al., 2017).

The lack of connection between surface melt and the calving regime of the Sørsdal ice shelf is

in support of the latter findings, where surface melt on an ice shelf does not automatically cor-

relate to calving through hydrofracture or result in ice shelf collapse. Surface melt is predicted

to increase in the future (Trusel et al., 2015) and so the accurate representation of surface

hydrology is required for improved projection of Antarctica’s contribution to sea level rise (Bell

et al., 2017). Care should be taken to not explicitly assume that surface melt will end in hy-

drofracture when modelling Antarctica’s future response to environmental change (e.g. Pollard

et al., 2015; DeConto and Pollard, 2016).

Another key finding is that the calving regime of the Sørsdal ice shelf is driven by basal crevasses

and so the ice shelf is likely to be more vulnerable to increased ocean temperature than to

changes in atmospheric temperature, as basal crevasses and the ice-ocean interactions that

occur within them can control ice shelf stability (Bassis and Ma, 2015). Ice sheet models that

aim to investigate ice shelf stability under changing conditions should include calving laws that

capture the influence of basal crevasses on the behaviour of ice shelves and the ability of basal

crevasses to determine the position of the calving front location.

The presence of basal channels on the Sørsdal ice shelf and the influence they had on the

basal crevasses and the calving regime is another key finding of the work presented here. The

variation in the routes taken by the subglacial meltwater plumes over time changed the pattern

of basal melt and in doing so influenced the thickness of the ice shelf, the localised development

of fractures (i.e. the basal crevasses) and eventually the calving regime (as indicated by change

in the area of the ice shelf that was forward of the flux gate). These findings indicate that

the pattern of ice shelf basal melting can have important connections to the calving regime of

that ice shelf, where changes in ocean temperature will drive greater changes to the calving

regime compared to atmospheric temperature change (Vaughan et al., 2012). These findings

also indicate that the calving regime of the Sørsdal ice shelf exhibited change without obvious

oceanic or atmospheric drivers (in the forms of ocean swell and waves as well as surface melt),

suggesting the calving regimes of Antarctic ice shelves are not static, even for ice shelves not

experiencing obvious changes due to global warming.



Chapter 4

Application of Calving Laws to the

Sørsdal Ice Shelf

4.1 Introduction

The calving of icebergs from Antarctic ice shelves occurs as a direct result of the formation and

growth of fractures (in the form of crevasses, both surface and basal, as well as rifts), and the

influence these features have on the properties and structure of the ice. The location of fractures

determines the position of the calving front and the rate of fracture propagation determines the

frequency of calving (Hughes, 1983; Benn et al., 2007a; Walker et al., 2013; Benn and Åström,

2018). Calving laws that parameterise the influence of fractures on the flow of ice have been

developed and implemented within ice sheet models to represent changes in the calving front

location over time and/or the rate of ice shelf mass loss due to calving (e.g. Benn et al., 2007a;

Nick et al., 2010; Levermann et al., 2012; Borstad et al., 2012). The accurate parameterisation

of fracture and calving within numerical ice sheet models is critical for modelling the dynamics

of ice shelves over time and for reducing the uncertainty in mass loss estimates.

Numerical models are powerful tools for investigating the influence of fractures on ice sheet

and ice shelf flow. Ice sheet models are comprised of mathematical equations that describe

the physics of ice flow, the thermal properties of ice, the transport of mass, the surface mass

balance, as well as grounding line dynamics, amongst others (e.g. Larour et al., 2012). The

equations are solved in order to either investigate the evolution of a quantity or process within

the ice sheet/ice shelf over time (i.e. prognostic models) or to investigate specific processes at

a single point in time (i.e. diagnostic models), which can highlight important mechanisms and

provide insight into key processes governing ice flow (Huybrechts, 2007).

There is a hierarchy of model complexities, determined by how the models approximate the

set of full Stokes equations (Hindmarsh, 2004). The full Stokes equations (Equations 4.1 and
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4.2) capture the full stress field (of which there are nine principal stress components) and the

evolution of this stress field through time;

O · σ + ρig = 0 , (4.1)

Tr(ε̇) = 0 . (4.2)

Where O ·σ is the divergence vector of the stress tensor, σ, ρi the ice density, g the acceleration

due to gravity, Tr is the trace operator and ε̇ is the strain rate tensor (Larour et al., 2012).

Equation 4.1 expresses the balance of stresses and Equation 4.2 the incompressibility of flow

(Larour et al., 2012). The units for the parameters in these equations, and all the equations in

this chapter, are shown in Table 4.1.

The most complex models (full Stokes ice flow models) come the closest to representing physical

reality due to their inclusion of all nine principal stress components (Hindmarsh, 2004), but

they are relatively computationally expensive due to the higher number of unknowns. This

high number of unknown parameters reduces their suitability for prognostic applications that

cover entire ice sheets or if fine-scale model grid resolution is required (e.g. Gagliardini et al.,

2013; Larour et al., 2012).

Higher-order models do not include all nine principal stress components and instead include

approximations with regard to the full Stokes equations, such as approximations involving the

longitudinal stress gradient, which is significant for fast-flowing ice streams, as well as the

vertical shear stress which is significant for slower-flowing regions. Higher-order models also

neglect bridging stresses, and assume that vertical variations in horizontal gradients are small

compared with horizontal variations in vertical gradients. As a result of the inclusion of approx-

imations, higher-order models do not represent physical reality as well as full Stokes models but

they are well suited for regions where fast and slow ice flow regimes are of equal importance

(Pattyn, 1996), and they are better able to describe the time-dependent flow and morphology

of ice sheets compared to lower-order models. Higher-order models, such as the Blatter-Pattyn

approximation (Blatter, 1995; Pattyn, 2003) or the model of Schoof and Hindmarsh (2010), are

typically three dimensional models that retrieve vertical velocity using incompressibility, and

account for variations in ice temperature and viscosity with depth (Pattyn, 2003; Hindmarsh,

2004; Cornford et al., 2013). Higher-order models also incorporate lateral shear, so are appro-

priate in shear margins, ice streams, embayed ice shelves, or regions of convergent/divergent

flow (e.g. where multiple ice streams merge). Despite these capabilities, higher-order models

are computationally more expensive than more simplified ice flow models and so are less feasible

for whole ice sheet analyses or long prognostic simulations (Goelzer et al., 2017).
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The most highly simplified approximations to the full Stokes equations are used within the

zero-order models, of which there are two. The Shallow Ice Approximation (SIA) assumes the

basal shear stress of grounded ice is balanced by the gravitational driving stress (Hutter, 1983).

As a consequence of this assumption, this model neglects longitudinal and transverse stresses.

This disregard of longitudinal and transverse stresses has higher validity at the interior of ice

sheets where there is a small aspect ratio of vertical to horizontal length (Hutter, 1983), and

where the longitudinal derivatives of stress, velocity and temperature are all assumed to be

small compared to the vertical derivatives (Huybrechts, 2007). However, on ice shelves vertical

shear becomes negligible compared to lateral shear as there is zero basal drag since the ice shelf

is floating, thereby invalidating the assumption inherent to SIA. The Shallow Shelf or Shelfy

Stream Approximation (SSA), the other zero-order model, is an alternative solution for ice

shelves that neglects vertical shear stresses and assumes that the horizontal velocity is depth

independent (or depth-averaged) and flow is dominated by longitudinal stresses (Morland and

Zainuddin, 1987; MacAyeal, 1989).

Early ice sheet models used either the SIA or the SSA approximations, but it is now common

for a combined SIA/SSA approach for models representing both ice sheet and ice shelf domains

(Bueler and Brown, 2009; Greve and Blatter, 2009; Pollard and DeConto, 2009; Pattyn, 2010;

Martin et al., 2011; Winkelmann et al., 2011). Due to their simplification of the full Stokes

equations and because they are depth-averaged these ice flow models are relatively computa-

tionally cheap to run, which is beneficial for prognostic models or models conducted over large

areas (e.g. the entire Antarctic continent). However, even though the combined SIA/SSA ap-

proach allows the simulation of higher velocity values found in ice streams (Winkelmann et al.,

2011) and better representation of the processes that contribute to flow (i.e. deformation and

sliding) compared to a single zero-order model alone, the physical assumptions behind these

two models are not valid where vertical variations in ice speed are important (e.g. near the

grounding line), where there are complex changes in the stress regime, or where there is complex

ice flow and so the hybrid SIA/SSA approach does not accurately represent ice flow in these

regions (Larour et al., 2012).

Although there is a wide variety of ice flow models available that have varying degrees of

simplification (with regards to the full Stokes equations and the resulting representation of

physical reality), improving the physical basis of ice sheet/ice shelf models is still an important

focus of the glaciological community (Pattyn et al., 2017). One particular area of interest is

the representation of calving processes within the models. There are numerical techniques that

explicitly model the entire calving process by representing ice as an assemblage of connected

particles in discrete element models (Åström et al., 2013; Bassis and Jacobs, 2013; Benn et al.,

2017). Though discrete element models simulate calving processes in a more realistic way

they tend to be more computationally expensive. As a consequence the majority of prognostic

applications use calving relations or calving laws to represent the physical effects of fracture
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within large-scale ice sheet models (e.g. Borstad et al., 2012; Levermann et al., 2012; Albrecht

and Levermann, 2014). The following section introduces some of the common approaches to

incorporating fracture and calving into ice sheet models.

Fracture and Calving in Ice Sheet Models

Calving laws can be used within numerical ice sheet models to either predict the calving rate

or to predict the calving front location of ice shelves. Early calving rate laws were based

on the dynamics of tidewater glaciers and used empirical relationships between calving losses

and external variables, such as water depth (Reeh, 1968; Brown et al., 1982; Meier and Post,

1987; Pelto and Warren, 1991; Hughes, 1992) or ice thickness (Pfeffer et al., 1997; Amundson

and Truffer, 2010). Later, Alley et al. (2008) proposed a calving rate law for ice shelves that

was based on the correlation between calving rate and longitudinal strain rates. This new

law was supported by the findings of Amundson and Truffer (2010). Levermann et al. (2012)

extended this law to define the calving rate as being proportional to the product of the strain

in both the along-flow and across-flow directions (eigencalving). Calving rate laws, such as

the ones mentioned here, often use the assumption that the velocity near the calving front

closely approximates the calving rate, in order to derive an appropriate constant calving rate

term. These laws also tend to assume that gradients in velocity give the rate of spreading (e.g.

Alley et al., 2008; Levermann et al., 2012). The advantage of these types of calving law is that

they primarily require readily available velocity data and can be applied in simulations that

cover the entire Antarctic Ice Sheet (Martin et al., 2011). However, these calving laws include

assumptions that may limit the success of their application. For example, the eigencalving law

of Levermann et al. (2012) assumes that calving depends kinematically to the first-order on the

horizontal strain rate and that ice properties are to the first-order, isotropic. These assumptions

may not be met in all calving situations as ice can be anisotropic and vertical shear within the

ice may play a greater role than the horizontal strain rate (Levermann et al., 2012).

Calving front position laws also began with a focus on tidewater glaciers and were used to predict

the location of the calving front based on the geometry and/or stress regime of the glacier. An

early calving law used a height-above-buoyancy criterion to determine the position of the calving

front (van der Veen, 1996, 2002; Vieli et al., 2001). However, this criterion was not applicable

to ice shelves because it did not allow the development of floating ice. An alternative approach

based on the penetration of crevasses that opened in response to tensile stress (crevasse-depth

criterion) was introduced by Benn et al. (2007a,b), whereby the calving front position was

determined as where the depth of surface crevasses reached the waterline. This calving front

position law was modified by Nick et al. (2010) to include basal crevasses and their propagation

so that where the basal and surface crevasses met, full thickness fractures formed and the calving

front location was defined (Bassis, 2011; Nick et al., 2013; Bassis and Ma, 2015). The enhanced

propagation rates of surface crevasses with meltwater present were captured within this model.
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Pollard et al. (2015) used and extended this crevasse-depth calving law to model the relationship

between surface crevasses, supraglacial melt and the process of hydrofracture on the Antarctic

Ice Sheet, thereby providing a marine ice cliff instability process. Though crevasse-depth calving

criteria can be used to qualitatively reproduce variations in the calving front location they also

include several assumptions, such as the assumption that failure is represented by perfect plastic

rheology (Pattyn, 2018) and that there is no accumulated weakness in the ice (Pattyn et al.,

2017). The crevasse-depth approach is based on an instantaneous stress balance field and so may

not accurately represent calving regimes that are driven by advected fractures or rheologically

modified ice.

An alternative approach to predicting the calving front location is based on Continuum Damage

Mechanics (CDM) and the parameterisation of a state damage variable that accounts for the

effect of fractures on observed ice deformation or strain rates (Lemaitre, 1996; Pralong and Funk,

2005; Duddu and Waisman, 2012; Duddu et al., 2013; Albrecht and Levermann, 2014). This

damage variable encompasses both the micro- and macro-scale behaviour of ice in response to

fractures, where increased fracture leads to a greater deterioration of the material properties of

the ice, causing a reduction in its load-bearing ability (Lemaitre, 1996; Pralong and Funk, 2005).

This reduction in load-bearing ability leads to increased material failure which may result in

calving and due to the feedback with ice viscosity, it can also lead to increased fracture-induced

ice softening resulting in faster ice shelf flow (Pralong et al., 2003; Pralong and Funk, 2005).

The state damage variable represents the cumulative effects of fractures on flow, providing an

estimate of damage area and distribution but not distinguishing between the sources of damage,

for example surface or basal crevasses, when applied in a depth-average model (Borstad et al.,

2012). Calving occurs when the damage variable reaches a critical value (Borstad et al., 2012).

To date, the damage calving criterion has not be applied in an Antarctic-wide context to identify

ice shelf calving front locations but rather only to individual ice shelves, such as the Larsen B

(Borstad et al., 2012).

All of the calving laws mentioned above have been applied to idealised, single or several, real

world ice shelf or glacier geometries. Only the work of Choi et al. (2018) has applied multiple

calving laws to multiple Greenland outlet glaciers. At the time of writing no such comparative

multiple calving law study has been performed on Antarctic ice shelves. How successful calving

laws are at predicting the calving rate or the calving front position of a particular Antarctic

ice shelf is strongly determined by the physics upon which the law is based and how well these

physics capture the calving dynamics and mechanisms of that particular ice shelf.

The aim of this work is to test the performance of three commonly-used calving laws on the

Sørsdal ice shelf. These calving relations include eigencalving (Levermann et al., 2012), the

crevasse-depth model outlined in Nick et al. (2010), and a damage criterion (Borstad et al.,

2012). The Sørsdal ice shelf is a good candidate ice shelf for this type of application because

there are surface and basal crevasses present (Chapter 3) and high resolution velocity and ice
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thickness datasets are available (as used in Chapter 2). This work is the first comparative

calving law study for an Antarctic ice shelf.

In order to assess the ability of the calving laws to represent calving front location changes

(Chapter 2) as well as the glacial mechanisms of calving (Chapter 3), a 2D model was run using

SSA and performing an inversion for ice rigidity from an observed surface velocity field. The

sensitivity of the calving laws to different variables was also assessed, including ice thickness,

ice temperature and model geometry.

4.2 Methods

The three calving laws were applied to the Sørsdal ice shelf within the Ice Sheet System Model

(ISSM), which is a thermomechanical finite element model of ice flow that allows high reso-

lution anisotropic mesh refinement, the inclusion of higher-order stresses and has data assimi-

lation techniques to better capture ice dynamics (Morlighem et al., 2010; Larour et al., 2012;

Morlighem et al., 2013). Figure 4.1 shows the Sørsdal ice shelf and specifics of the model domain

that are outlined in the following sections. The notations and values for physical constants are

presented in Table 4.1 for ease of use.

4.2.1 Model Configuration

A 2D diagnostic depth-integrated mechanical model was run using SSA (MacAyeal, 1989). SSA

assumes that vertical shear is negligible:

ε̇xz = 0; ε̇yz = 0 , (4.3)

where ε̇xz and ε̇yz are the shear strain rate tensors in the vertical direction. Given negligible

vertical shear, the full Stokes equations (Equations 4.1 and 4.2) become a system of two equa-

tions with two unknowns in the horizontal plane (Morland and Zainuddin, 1987; MacAyeal,

1989). SSA involves depth-averaging so the two equations are written in terms of the velocity

and pressure components (Larour et al., 2012)
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where µ̄ is the depth-averaged ice viscosity, H is the local ice thickness, s is the ice surface

elevation, x and y correspond to the geographic Cartesian coordinates eastings and northings,
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respectively. The two unknowns u and v are the ice velocity components in the x and y

directions. Vertical velocity, w, is recovered through incompressibility (Equation 4.2).

Table 4.1: Notations, physical constants and values for parameters used in ISSM

Symbol Description Unit (Value)

B Ice rigidity Pa s1/n

Bi Ice rigidity from inverse solution Pa s1/n

B(T ) Ice rigidity from temperature parameterisation Pa s1/n

g Acceleration due to gravity 9.81 m/s2

g Acceleration due to gravity norm 9.81 m/s2

H Ice thickness m
rb Bedrock elevation at grounding line m
r Bedrock elevation m
n Glen’s flow law exponent dimensionless (3)
u, v, w Ice velocity components m/s
z Vertical coordinate equal to zero at sea level m
b Elevation of ice shelf base m
vb Ice velocity vector, tangential to the bedrock m/s
α Basal drag coefficient (Pa s/m)1/2

Γs Geometric domain defined by the surface of the ice shelf N/A
ε̇ Strain rate tensor s−1

ε̇e Effective strain rate tensor s−1

µ̄ Depth-averaged viscosity Pa s
ρi Ice density kg/m3 (917)
ρw Seawater density kg/m3 (1027)
σ Cauchy stress tensor Pa
σ′ Deviatoric stress tensor Pa
τb Friction stress Pa
n Unit outward-pointing normal vector dimensionless
ε Minimum velocity used to avoid zero velocity m/s
ε̇+ Spreading in along-flow direction s−1

ε̇− Spreading in across-flow direction s−1

C Eigencalving rate m/yr
K±2 Proportionality constant ms2/yr
Rxx Normal tensile stress responsible for crevasse opening Pa
A Glen’s law coefficient Pa−n s−1

ε̇ps Principal strain rate s−1

ds Surface crevasse depth m
db Basal crevasse depth m
D Damage scalar dimensionless
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The depth averaged ice viscosity µ̄ is assumed to be isotropic and follows Glen’s flow law (Glen,

1955)

µ̄ =
B

2ε̇
1−n
n

e

, (4.6)

where ε̇e is the effective strain rate tensor, Glen’s law coefficient which is taken as n = 3, and B

is the ice rigidity (Pa s1/n), which is temperature dependent. The specification of B is discussed

in Section 4.2.4.

Figure 4.1: Sentinel-2 optical image acquired 2017-03-29 is overlaid with REMA surface ele-
vation values. The green line is the domain outline and the blue line is the MEaSUREs v.2
grounding line. The sections of the ice shelf margin that are free-floating are indicated.

The model domain covers 136.3 km2 of the Sørsdal ice shelf and its grounding line (Figure

4.1). The floating section of the domain was delineated using the outline of the ice shelf

from the REMA elevation dataset (representing the ice margin between 2013 and 2015), and



4.2. METHODS 89

the separation between floating and grounded ice was delineated using the MEaSUREs v.2

grounding line. ISSM uses a static, edge-based anisotropic adaptive mesh refinement based

on ice surface velocity (Larour et al., 2012), which produced an anisotropic triangular mesh

comprised of 5,073 mesh elements at an average spatial resolution of 500 m for the ice shelf.

The horizontal surface velocity dataset introduced in Section 2.3.1, derived from TerraSAR-

X images acquired in July 2017, was used in the model experiments. The observed velocity

magnitude distribution is shown in Figure 4.2A, where slower moving ice is present along the

northern and southern margins of the ice shelf. Ice surface elevation values from the REMA

dataset were used (Figure 4.2B). These elevation values were converted to heights above sea

level in Chapter 2 and were used here to derive ice draft (and consequently ice thickness) based

on the assumption of hydrostatic equilibrium (Liu et al., 2015). Thinner ice is present along

the northern margin of the ice shelf and the thickest ice is found near the grounding line.

Figure 4.2: A) Spatial distribution of horizontal surface velocity magnitude as well as, B)
the spatial distribution of ice thickness derived from REMA surface elevation values and the
assumption of hydrostatic equilibrium.

The cavity geometry beneath the Sørsdal ice shelf is not accurately known. A comparison of

Bedmap2 bed elevations (Fretwell et al., 2013) with field observations of ice thickness on the

floating ice section (Cook et al., 2018c) indicated that the Bedmap2 bed elevation values were

not appropriate for this region: the ApRES site S02 recorded ice thickness (650 m ± 2 m,

Section 2.3.1) was far thicker than the Bedmap2 bed elevation estimate, which at this location

is 145 m below sea level.
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4.2.2 Boundary Conditions

Following Larour et al. (2012) it was assumed that there was a stress-free boundary condition

at the surface of the ice shelf, where atmospheric pressure and wind stresses are neglected

σ · n = 0 , (4.7)

and where σ is the Cauchy stress tensor and n is the unit outward-pointing normal vector.

Friction was applied at the ice-bedrock interface (which only occurs at the grounding line

within this model configuration), the remainder of the domain being floating ice shelf. The

MEaSUREs v.2 grounding line position was used to define bedrock elevation at the grounding

line (rb), using

rb = −ρw
ρi
r , (4.8)

where ρi is the column-averaged ice density constant (917 kg/m3), ρw the column-averaged

seawater density constant (1027 kg/m3) and r the bedrock elevation (negative since below sea

level). To estimate the bed elevation beneath the Sørsdal ice shelf the bed elevation (r) was set

using r = base− 100 to enforce floating, where base is the draft of the ice shelf. This method

of deriving the bed elevation assumes that the bed does not contact the base of the ice shelf

anywhere that is floating (i.e. there are no pinning points), and thus the entire floating section

of the ice shelf is in hydrostatic equilibrium.

The basal drag at the grounding line was set to the viscous-type law of friction based on the

empirical relationship of Paterson (1994), and is provided by

τb = −α2vb , (4.9)

where vb is the basal velocity vector tangential to the ice shelf basal plane, τb is the tangential

component of the external force σ · n, and α2 is a positive constant that represents the stress

(Larour et al., 2012). The geothermal heat flux was set to a spatially constant value of 0.058

W/m2 (An et al., 2015) and basal melt was set to zero.

At the ice-seawater interfaces (the free-floating sections of the ice shelf edge that are identified

in Figure 4.1), water pressure was imposed according to

σ · n = −ρwgzn for z < 0

σ · n = 0 for z ≥ 0 ,
(4.10)
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where z is the vertical coordinate equal to zero at sea level (positive upwards) and g is the

acceleration due to gravity (9.81 m/s2). For SSA, the ice-seawater boundary condition is

depth-integrated following

σ′ · n =

(
1

2
ρigH

2 − 1

2
ρwg {min(b, 0)}2

)
n , (4.11)

where b is the elevation of the ice shelf base (Larour et al., 2012). Regions of the ice shelf bound-

ary where the ice-seawater interface was applied were identified using calving front locations

derived from satellite imagery (Chapter 2). The extent of these regions was unknown and an

iterative process was employed to define their extent using the modelled velocity distribution

as an indicator of appropriate extent. On all other boundaries where stresses are not specified,

including where the ice shelf edge is pinned, observed velocity constraints were applied.

4.2.3 Ice Temperature

The steady-state temperature field for the Sørsdal ice shelf was calculated analytically based

on the methods of Holland and Jenkins (1999). This approach requires the melt rates as well

as the surface and basal temperatures to be prescribed (Borstad et al., 2012). This analytical

approach accounts for vertical advection and diffusion of heat into the base of the ice and

requires the assumption that the surface accumulation is balanced by the basal melt so that

the vertical velocity of the shelf is constant (Holland and Jenkins, 1999).

There are no known measured internal or basal ice temperature values for the Sørsdal ice shelf

so the surface temperature used in this approach was set to 255.15 K (-18 ◦C) based on modelled

two metre (near-surface) temperatures at the Sørsdal Glacier-ice shelf grounding line extracted

from the regional climate model (RACMO) v.2.3 (van Wessem et al., 2014). The basal ice

temperature was set to 269.15 K (-4 ◦C) which is colder than the approximate pressure melting

temperature of ice (-2 ◦C) to account for the advection of colder ice flowing off the continent

onto the ice shelf. The mean basal melt rate was set to 0.5 m/yr (Gwyther et al., 2020). The

surface mass balance was set to zero as there is no firn present on the surface of the Sørsdal ice

shelf (Hui et al., 2014), suggesting there is no net accumulation. Ablation in the form of surface

melt may cause the surface mass balance to be negative, but this value was not included as there

is currently no known estimate of surface melt rates from the Sørsdal ice shelf. Though the

analytical approach of Holland and Jenkins (1999) requires the surface and basal mass balances

to equal, setting the surface mass balance to zero did not alter the derived temperature field.

The model application is diagnostic so there is no evolution of ice temperature, calving front

location or the grounding line position over time.

The analytical approach used to derive ice temperature is sensitive to the input datasets and

parameters, especially ice thickness. Figure 4.3 shows the influence that changes in the sur-
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face elevation (and the resulting ice thickness) had on the column-averaged ice temperature.

Increased ice thickness caused a reduction in the column-averaged ice temperature and a re-

duction in ice thickness produced increased column-averaged ice temperature. The thinner ice

along the northern margin of the ice shelf showed the most sensitivity to changing ice thickness.

Figure 4.3: Column-averaged ice temperature that results from ice thickness derived using; A)
surface elevation values increased by 10 m (uniformly thicker ice), B) surface elevation values
from the REMA dataset, and C) surface elevation values decreased by 10 m (uniformly thinner
ice).

To test the sensitivity of the results of the calving laws to ice temperature, the model runs were

repeated with varying surface ice temperature values as input to the analytical approach. When

the surface ice temperature was set to 255.15 K (-18 ◦C) the column-averaged ice temperature

results varied by 4 K over the domain, so the model runs were performed with a surface ice

temperature that was lowered to 251.15 K (-22 ◦C) and increased to 259.15 K (-14 ◦C), and

the results are shown in Section 4.3.

4.2.4 Ice Rigidity

The rigidity of the ice (B) is also not accurately known for the Sørsdal ice shelf. There are

two common methods used to estimate the ice rigidity, and both are implemented here. The

first method derives the term B(T ) from the Cuffey and Paterson (2010) standard temperature

parameterisation for ice rigidity (Borstad et al., 2013). The second method estimates ice rigidity

as the result of an inverse solution (Bi), and so Bi is depth-averaged and spatially variable

(Borstad et al., 2013). A variational inversion, also known as a control method, similar to that

of MacAyeal (1992) was used here, which involves a gradient minimisation of a cost function

that measures the misfit between modelled (v = (vx,vy)) and observed (vobs = (vobsx , vobsy ))

horizontal surface velocity values (Morlighem et al., 2010). The cost function includes three
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terms;

J (v,B) = γ1
1

2

∫
Γs

(vx − vobsx )2 + (vy − vobsy )2 dΓs

+ γ2
1

2

∫
Γs

ln

 √
v2
x + v2

y + ε√
(vobsx )2 + (vobsy )2 + ε

2

dΓs

+ γt
1

2

∫
Γs

OB · OB dΓs ,

(4.12)

where ε is a minimum velocity used to avoid zero velocity and Γs is the geometric domain

defined by the surface of the ice shelf (Larour et al., 2012). The first term in this cost function

measures the square of the difference between the modelled and observed velocity values and

is particularly efficient in regions of fast ice flow (Morlighem et al., 2013). The second term

is the square of the logarithmic difference between modelled and observed velocity values and

is suitable for low ice flow regions (Morlighem et al., 2010). The final term is the Tikhonov

regularisation term which penalises uncontrolled oscillations of B and stabilises the inversion

(Morlighem et al., 2013). These independent cost functions are weighed by nondimensionalising

constants: γ1, γ2 and γt.

The first two constants γ1 and γ2 in Equation 4.12, were chosen such that the first two terms are

the same magnitude (1 and 10, respectively). The third constant, the Tikhonov regularisation

parameter, was calibrated following the methods of Morlighem et al. (2013) with an L-curve

analysis (Jay-Allemand et al., 2011). The L-curve analysis was used to help determine the

optimal value for the regularisation term that minimised the misfit between the simulated and

observed velocity fields as well as capturing large gradients in B at the same time as avoiding

over-fitting artefacts in the data (Borstad et al., 2016).

The results of the L-curve analysis are displayed in Figure 4.4. The value of γt = 1 x10−20

was chosen as the optimal value for the regularisation term given the other two constants

in the cost function and the required minimised misfit. To determine the sensitivity of the

rigidity distribution to the somewhat subjective choice of the Tikhonov regularisation term,

the rigidity inversion was repeated with the regularisation turned off (Figure 4.5). Including

the regularisation in the inversion produced a rigidity distribution that varied smoothly across

the domain without regions of anomalously high values of rigidity that are indicative of artefacts

in the modelled velocity field. The results of the calving law analyses (Section 4.3) are based

on model runs that used regularisation in the inversion.

The rigidity distribution calculated by the inversion was sensitive to the initialisation temper-

ature, which was given by the column-averaged ice temperature from the analytical solution.

The temperature-dependence of the ice rigidity is shown in Figure 4.6, where colder ice has

higher rigidity.
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Figure 4.4: L-curve analysis: log-log plot of the cost function, J0, with respect to the regulari-
sation term, Jreg, for different values of the Tikhonov parameter (γt).

Figure 4.5: Ice rigidity spatial distribution using γt = 1 x 10−20 with A) Tikhonov regularisation
turned on and B) Tikhonov regularisation turned off.

The geometry of the model domain also influenced the modelled rigidity distribution. The

extent of the ice shelf margin that was set to free-floating was delineated using an iterative

process to determine the extent of the free-floating regions. The extents of the free-floating

boundaries and the resulting rigidity field are shown in Figure 4.7. The extents that produced
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Figure 4.6: Ice rigidity spatial distribution using γt = 1 x 10−20 and varying the surface ice
temperature; A) surface ice temperature set to 251.15 K (-22 ◦C), B) surface temperature set
to 255.15 K (-18 ◦C) and C) surface ice temperature set to 259.15 K (-14 ◦C).

a modelled velocity distribution that best matched the observed velocity profile are shown in

Figure 4.7B and were used for the calving law analyses.

Figure 4.7: Spatial distribution of rigidity A) resulting from initial free-floating boundary
extents, and B) resulting from the free-floating boundary extents that produced a modelled
velocity field that best matched the observed velocity field. Red and black lines indicate the
extents of the free-floating boundaries.

Figures 4.6 and 4.7 show that the spatial distribution of ice rigidity varies depending on ice
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temperature and the domain configuration. A sensitivity analysis was conducted to investigate

the influence ice temperature, free-floating boundary extent and ice thickness (Figure 4.3) had

on the rigidity values. The results are shown in Table 4.2, * refers to the model configuration

where the initial free-floating boundary extent was used (Figure 4.7A), the other model config-

urations all used the final free-floating boundary extents (Figure 4.7B). The standard deviation

represents the variation in rigidity around the population mean for each model configuration.

Table 4.2: Sensitivity analysis rigidity results

Ice Thickness Ice Temperature
Mean

(Pa s1/n)

Median

(Pa s1/n)

Standard Deviation

(Pa s1/n)

Normal 251.15 K (-22 ◦C) 1.69 1.73 1.060

255.15 K (-18 ◦C) 1.49 1.28 1.090

255.15 K (-18 ◦C) * 1.43 1.13 1.199

259.15 K (-14 ◦C) 1.41 1.36 0.988

Thicker 251.15 K (-22 ◦C) 1.56 1.49 1.045

255.15 K (-18 ◦C) 1.54 1.51 0.918

259.15 K (-14 ◦C) 1.42 1.37 0.975

Thinner 251.15 K (-22 ◦C) 1.74 1.75 1.122

255.15 K (-18 ◦C) 1.48 1.25 1.109

259.15 K (-14 ◦C) 1.46 1.39 1.017

The range in rigidity values was the same for each model configuration (0.08−4.64 x108 Pa s1/n).

Table 4.2 shows that the mean rigidity differed slightly across model runs (ranging between 1.41

and 1.74 x108 Pa s1/n) and the median rigidity values show a similar range (1.13 to 1.75 x108 Pa

s1/n). The lowest median rigidity was derived from a model configuration that used a surface ice

temperature of -18 ◦C, un-modified ice thickness and the initial free-floating boundary extents

(Figure 4.7A). This model configuration also had the highest standard deviation (1.2 x108 Pa

s1/n), whereas the standard deviations of the other model runs ranged between 0.92 and 1.12

x108 Pa s1/n. The highest median rigidity was produced from a model configuration that used

thinner ice (surface elevation values decreased by 10 m) and a colder surface ice temperature (-

22 ◦C). Given the sensitivity of ice rigidity to surface ice temperature the influence that surface

ice temperature has on the calving law results is also analysed.

The results of the sensitivity analysis (Table 4.2) show that the rigidity changed very little with

changing model configuration. However, both the mean and median rigidity values were the

most sensitive to the surface ice temperature, where a reduction in surface ice temperature to

-22 ◦C produced a 12 % increase in mean rigidity and a 26 % increase in the median rigidity
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value. Altering the free-floating boundaries influenced the mean rigidity by 4 % and the median

rigidity by 12 %, and increasing ice thickness caused a 3 % and 15 % increase in mean and

median rigidity, respectively. These results indicate that the surface ice temperature has the

greatest influence on rigidity.

Towards the back of the ice shelf, near the grounding line, an artefact is observed in the modelled

velocity magnitude distributions (subset region in Figure 4.8). The pattern of the modelled

velocity magnitude values over the region of the artefact are different for different values of

γt (Tikhonov regularisation parameter). The artefact in the modelled velocity magnitude dis-

tribution corresponds to an area of reduced surface elevation on the ice shelf (Figure 4.9A),

surrounded by substantial crevassing (Figure 4.9B). The cause of this artefact is unknown,

though it may be a result of an unmapped pinning point in this region of the ice shelf.

Figure 4.8: Modelled velocity magnitude distributions using the same surface ice temperature
(255.15 K) with different regularisation term (γt) values; A) modelled velocity magnitude dis-
tribution with a regularisation parameter of 1 x 10−19, B) regularisation parameter of 1 x 10−20

and C) regularisation parameter of 1 x 10−21. The black box bounds the artefact.

In order to test whether or not the artefact at the back of the ice shelf is a product of the

assumption of hydrostatic equilibrium, smoothing of the REMA surface elevation dataset was

performed. The surface elevation values in the region of the artefact were increased to match

the elevation values of neighbouring grid cells (regions within the black boxes in Figure 4.10A).

The depressions caused by the basal crevasses at the front of the ice shelf were also filled to

match neighbouring cell surface elevations. The overall rigidity spatial distribution is similar

across the majority of the ice shelf for both model configurations, with low rigidity along the

southern and northern margins and higher in the centre of the ice shelf. There are small

differences at the ice shelf calving front which could lead to differences in the results of the

calving law analyses.
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Figure 4.9: Reduced surface elevation in the region of the artefact in the modelled velocity field
(A) and the same feature visible at the ice surface in the Sentinel-2 image from 2017-03-29 (B).

Figure 4.10: Ice thickness distribution derived using the smoothed surface elevation field (A).
The rigidity distribution that results from using the smoothed surface elevation field B), and
rigidity distribution resulting from using the unmodified surface elevation field (C). The black
boxes bound the regions that were smoothed.

Figure 4.11 shows the modelled velocity magnitude distribution based on a surface ice tem-

perature of 255.15 K (-18 ◦C), the cost functions γ1 = 1, γ2 = 10 and γt = 1 x 10−20 and

the free-floating boundaries shown in Figure 4.7B. When compared to the observed velocity

field the regions exhibiting an artefact in the modelled velocity magnitude distribution show
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the greatest difference (black boxes in Figure 4.11C). The artefact near the grounding line (de-

scribed above) is highlighted in Box 1 and another possible artefact is identified in Box 2. The

artefact in Box 2 is likely a result of incorrect ice thickness estimates in this region stemming

from the assumption of hydrostatic equilibrium that may not be valid in this region of the

ice shelf. Despite these artefacts the velocity differences at the front of the ice shelf are close

to zero, indicating that the inversion configuration and the modelled velocity distribution are

suitable to be used for the calving law analyses.

Figure 4.11: Spatial distribution of A) observed ice velocity magnitude, B) modelled ice velocity
magnitude, and C) the difference between the observed and the modelled velocity magnitude
values. The black boxes, 1 and 2, bound two artefacts that are present in the modelled velocity
field

4.2.5 Eigencalving Law

The eigencalving law is based on the assumption that the spreading rates in the two principal

directions of horizontal flow on ice shelves, also known as eigendirections (ε̇+ · ε̇−), are propor-

tional to the calving rate estimated by the terminal velocity at the ice front (Levermann et al.,

2012). In most areas along the calving front, these eigendirections will coincide with directions

of along-flow and across-flow respectively, i.e. ε̇+ ≈ ε̇‖ and ε̇− ≈ ε̇⊥. From this assumption

Levermann et al. (2012) propose that in regions of divergent flow, the rate of large-scale calving,

C, is

C = K±2 · ε̇+ · ε̇− for ε̇± > 0 . (4.13)

The spreading in the along-flow direction (ε̇+) and in the across-flow direction (ε̇−) in m/s are

calculated using
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ε̇+ = −ε̇xxsinθ + ε̇yycosθ

ε̇− = ε̇xxcosθ + ε̇yysinθ ,
(4.14)

where ε̇xx is the longitudinal strain rate, ε̇yy is the transverse strain rate and θ is the angle

between the ice flow direction and the y axis (of the grid). In Equation 4.13 the proportionality

constant (K±2 ) captures the material properties relevant for calving (in m/yr). This constant

(that can be tuned) allows inclusion of small-scale physical processes as well as intermittent

occurrences of tabular iceberg release averaged over a sufficient period of time.

Equation 4.13 can be rearranged to derive the proportionality constant if the calving rate,

C, of the ice shelf is assumed to be proportional to the observed velocity values at the ice

front (Alley et al., 2008; Rignot et al., 2011; Levermann et al., 2012). In order to estimate

the proportionality constant applicable to the Sørsdal ice shelf the K±2 was derived using the

calving and spreading rates. The K±2 value was taken as the median value within an area that

bounds only the free-floating section of the ice shelf calving front, avoiding the heavily crevassed

regions where the ice may be pinned.

4.2.6 Crevasse-Depth Calving Law

The crevasse-depth calving law applied here is based on the equations of Nick et al. (2010). This

calving law can be used to determine the location of the calving front either by determining

where the surface crevasses reach the waterline, or where surface and basal crevasses meet

representing a full thickness fracture, such as a rift. The depth of surface (ds) and basal crevasses

(db) was estimated from the force balance between tensile stress in the along-flow direction

and lithostatic pressure (ice overburden pressure). The influence of meltwater within surface

crevasses was neglected as there is little supraglacial meltwater filling the surface crevasses of

the Sørsdal ice shelf (Chapter 3).

The normal tensile stress responsible for crevasse opening (Rxx) is related to the longitudinal

strain rate through Glen’s flow law (van der Veen, 1999)

Rxx = 2(
ε̇ps
A

)1/n , (4.15)

where n is the flow parameter and equals 3, ε̇ps is the principal strain rate and A is the

temperature-dependent rate factor. The temperature-dependent rate factor was calculated

using A = (2/B)n in Pa s1/n, where B is the ice rigidity also in Pa s1/n. The principal strain is

defined using:

ε̇ps =
ε̇x + ε̇y

2
+

(
(
ε̇x − ε̇y

2
)2 + (

ε̇xy
2

)2

)1/2

. (4.16)
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The depth of surface crevasses is defined by the point where the tensile stress equals ice over-

burden pressure, which leads to

ds =
Rxx

ρig
. (4.17)

For basal crevasses, the extent of penetration into the ice shelf is also affected by water pressure.

However, on an ice shelf the height above buoyancy is set to 0, so the height of basal crevasses

is determined solely by the tensile stress, following

db =
ρi

ρw − ρi
Rxx

ρig
. (4.18)

The combined value of db and ds is represented as a proportion of the ice shelf thickness (%).

Where the combined depth of basal and surface crevasses equals the ice thickness, calving is

assumed to occur. The sensitivity of the fracture proportion to the depth-integrated ice tem-

perature used was examined by reducing the surface ice temperature to -22 ◦C and increasing

it to -14 ◦C.

4.2.7 Damage-based Calving Law

Another calving law that can be used to locate the calving front of an ice shelf is the damage-

based calving criterion. The extent of damage on the ice shelf is estimated through its effect on

ice rigidity. In regions of high damage, the ice is less able to support stresses, allowing the ice

to flow faster. This leads to an area of reduced ice rigidity in the velocity inversion. Damage

can be quantified by comparing the predicted B(T ) and inverted (Bi) values for rigidity.

Damage is represented by the isotropic damage scalar D, where 0 represents fully intact ice

and 1 represents ice that is cracked through its full extent and has fully failed and lost all

load-bearing capacity. D represents the cumulative effects of fractures on flow that lead to a

percentage reduction in the load bearing capacity. Within this study the damage variable was

calculated following the method of Borstad et al. (2016) using

D = 1− Bi

B(T )
. (4.19)

Equation 4.19 was applied where Bi < B(T ). Elsewhere D was set to 0. This calculation gave

a spatial distribution of damage, with no identification of the source of the damage (Borstad

et al., 2016). High values of damage indicate the potential location of the calving front. The

sensitivity of the damage calculation to the depth-integrated ice temperature was examined by

varying the surface ice temperature (-22 ◦C and -14 ◦C).
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4.3 Results

4.3.1 Eigencalving Method Results

The model configuration that used a surface ice temperature of 255.15 K (-18 ◦C), the cost

functions γ1 = 1, γ2 = 10 and γt = 1 x 10−20 and the final free-floating boundaries (Figure 4.7B)

was the model set up used for the analysis of the three calving laws. This model configuration,

when applied in the eigencalving analysis, produced the spreading rate, which is the product of

the two strain rates in Equation 4.14. The spatial distribution of the spreading rate is shown

in Figure 4.12A.

Figure 4.12: Panel A shows the spatial distribution of the spreading rate. The spatial distribu-
tion of the calving rate using K±2 = 1.04 x 107 is shown in panel B. The black box is the area
of the ice shelf the median values were obtained from.

The majority of the ice shelf has a spreading rate close to zero with slightly higher spreading

rates along the northern and southern margins. The proportionality factor (K±2 ) for the Sørsdal

ice shelf was determined assuming the calving rate is equal to the observed velocity values, for

a stable calving front position (Figure 4.12B). The black bounding box was used to derive an

appropriate proportionality constant estimate (Figure 4.12B). Within the bounding box the

median calving rate is 333 m/yr and the K±2 values range from 9.80 x 103 m/yr to 1.00 x 1010

m/yr. The median K±2 value within the bounding box is 1.04 x 107 m/yr.

The proportionality constant estimate depends on the surface ice temperature, where different

surface ice temperature values produce different median K±2 values from within the bounding
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box. For example, reducing the surface ice temperature to -22 ◦C produced a median K±2 value

of 3.83 x 107 and increasing the surface ice temperature to -14 ◦C produced a median K±2 value

of 9.9 x 106. Additionally, changing ice thickness also influences the K±2 , where thinner ice

produces a higher median K±2 value and thicker ice produces a lower median K±2 value, 1.68

x107 and 3.05 x106, respectively, for a surface ice temperature of -18 ◦C.

The influence the proportionality constant (K±2 ) has on the calving rate is investigated using

published values from Levermann et al. (2012). Table 4.3 shows the sensitivity of the calving

rate to the K±2 as well as the surface ice temperature. The calving rates are extracted as the

median absolute value of the calving rate within the bounding box that is shown in Figure

4.12B.

Table 4.3: Calving rates for the Sørsdal ice shelf based on published K±2 values

K±2 values
calving rates (m/yr)

(-22 ◦C)

calving rates (m/yr)

(-18 ◦C)

calving rates (m/yr)

(-14 ◦C)

4.9 x 106 42.9 156.7 159.0

6 x 106 52.5 191.9 195.0

4.9 x 107 428.7 1567.5 1590.0

6.6 x 107 577.4 2111.3 2141.6

1.7 x 108 1487.2 5438.1 5516.2

The K±2 of 1.04 x 107 m/yr derived here for the Sørsdal ice shelf is within the range of published

values. The proportionality constant of 4.9 x 107 derived for the Ross Ice Shelf (Levermann

et al., 2012) is the closest to the K±2 value for the Sørsdal ice shelf, and when applied using

a surface temperature of -22 ◦C produced a calving rate that was close to the velocity-based

calving rate of the Sørsdal ice shelf (333 m/yr). The other K±2 values produce calving rates

that are either much larger or smaller than the calving rate of the Sørsdal ice shelf derived from

the observed surface velocity field. Similar calving rates are derived by the proportionality

constants for surface ice temperatures of -18 ◦C and -14 ◦C, whereas all the K±2 values for

a colder surface ice temperature (-22 ◦C) produce lower calving rates, indicating a possible

threshold of calving rate sensitivity to ice temperature.

4.3.2 Crevasse-Depth Method Results

The crevasse-depth method produces a spatial distribution of predicted crevasse depth, from

which potential calving fronts can be identified. The spatial distribution of predicted crevasse

depths produced by the crevasse-depth calving law is shown in Figure 4.13, which shows that

the spatial pattern of surface and basal crevasses is identical, which is a result of the technique

used (Equations 4.17 and 4.18).
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Figure 4.13: Spatial distributions of the predicted depths of A) surface crevasses and B) basal
crevasses. Both distributions are plotted over the Sentinel-2 image from 2017-03-29.

There are high predicted crevasse depths located for most parts along the northern edge of

the ice shelf, which is likely to be a shear margin given the decrease in surface velocity in this

region (Figure 4.11A). There is a region along this shear margin where very high predicted

crevasse depths do not align with observed crevasses within the shear margin. The cause of

this discrepancy is unknown, though Box 2 in Figure 4.11C shows high values of mismatch

between the observed and modelled velocity values in this region indicating model geometry

as a potential cause of the mismatch. Incorrect ice thickness stemming from the assumption

of hydrostatic equilibrium or the use of an over-simplified stress-balance may cause the model

to fail in this region. There are also high predicted crevasse depths in the crevassed regions

along the southern edge of the ice shelf where it is pinned (Chapter 3). The region around

the artefact towards the back of the ice shelf also shows high values of predicted crevasse

depth, where high crevasse density is observed in satellite imagery (Chapter 3). There are two

across-flow orientated regions of higher predicted crevasse depths, one mid-shelf and the other

towards the grounding line. Both these features are also present in the fracture proportion

distribution (Figure 4.14A) but show a sensitivity to surface ice temperature as they are not

visible in the results of the other model configurations (Figures 4.14B and C). The removal of

these across-flow features with varied surface ice temperatures suggests they are produced by

model geometry related issues. The surface crevasses in the two along-flow crevasse bands are

not identified as having higher predicted crevasse depths than the surrounding ice, and in the
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region of basal crevasses (Chapter 3) the predicted crevasse depths are only slightly higher than

they are in centre of the ice shelf, with the depths decreasing towards to the calving front.

Regions where the ice is close to being fully fractured occur where the fracture proportion is

close to 100 % of the ice thickness. These regions are where the potential calving front of the

ice shelf is located. Figure 4.14 shows fracture proportions close to or of 100 % in the shear

margin along the northern edge of the ice shelf. Satellite imagery does not show very deep

crevassing in this region, again suggesting model failure as the likely cause of the high fracture

proportion values in this region. The pinned regions along the southern edge of the ice shelf

also show a higher fracture proportion. The ice surface is observed to be very crevassed in these

regions (Chapter 3), supporting the potential for high fracture proportion in these regions.

Figure 4.14: The spatial distribution of the fracture proportion, where regions of dark orange
indicate ice where the combined fracture depths span the entire ice thickness and light orange
regions are where the fractures do not penetrate very deep into the ice shelf. The panels show
the spatial distribution for surface ice temperatures of; A) -18 ◦C, B) -14 ◦C and C) -22 ◦C. All
distributions are plotted over the Sentinel-2 image from 2017-03-29.

For the model configurations that were run with colder (-22 ◦C) and warmer (-14 ◦C) surface
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ice temperatures there are also regions of higher fracture proportion in the smoother ice near

the southern pinning point near the calving front (Figure 4.14B and C). The percentage of

the ice shelf that has a fracture proportion greater than 70 % decreases by 2% for a surface

ice temperature value of -14 ◦C and increases by 5 % for a surface ice temperature of -22 ◦C,

indicating that the fracture proportion distribution is sensitive to the surface ice temperature

chosen.

Although the model produces a high fracture proportion in the shear margins of the shelf, the

centre of the ice shelf is largely unfractured and is unlikely to calve in this model. This suggests

the ice shelf is stable in this geometry, which agrees with the observation that the Sørsdal ice

shelf has not retreated beyond this point in the recent past (Chapter 3).

4.3.3 Damage Method Results

The results of the damage calculations are shown in Figure 4.15. The shear margin along the

northern edge shows high damage, as do the pinned regions along the southern edge of the ice

shelf. There is also high damage in the region of the basal crevasses for the model run with a

surface ice temperature of -18 ◦C (Panel A in Figure 4.15). There are also high damage values

in the region of the artefact that is near the grounding line.

Panels B and C in Figure 4.15 show the influence of modifying the surface ice temperature on

the results of the damage calculation. The warmer ice shows a similar spatial pattern to the

damage pattern in Panel A, though the extent is greatly reduced (particularly in the region of

the basal crevasses) and the colder ice also shows a similar pattern but with reduced extents

and higher damage values along the shear margin.

The percentage of the ice shelf that has greater than 70 % damage decreases from 18 % to 16

% for warmer ice (Figure 4.15B), and remains at 18 % for colder ice. These results suggest that

though the spatial distribution of damage may be sensitive to the chosen surface ice temperature

the overall damage values may not be as sensitive.

Similar to the fracture proportion results, there is the lack of an across-flow band of high damage

in the centre of the ice shelf near the calving front that could be used to identify a potential

calving front.

4.4 Discussion

Three commonly-used calving laws were applied to the Sørsdal ice shelf in order to test their

performance on a small Antarctic ice shelf where the calving regime is driven by basal crevasses.

The three laws included eigencalving, a crevasse-depth criterion and a damage-based calving

law.
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Figure 4.15: Spatial distribution of damage using surface ice temperatures of; A) -18 ◦C, B)
-14 ◦C and C) -22 ◦C. All distributions plotted over the Sentinel-2 image from 29/03/2017.

Application of the eigencalving law to the Sørsdal ice shelf using a calving rate that was equal

to the observed velocity field produced a median proportionality factor of 1.04 x 107 m/yr. This

value of the proportionality factor is well within other published values of K±2 for Antarctic

ice shelves (Levermann et al., 2012). The proportionality factor of 1.04 x 107 m/yr for the

Sørsdal ice shelf is close to the K±2 of 4.9 x 107 for the Ross Ice Shelf, as found by Levermann

et al. (2012). The calving regimes of the two ice shelves are different; the calving regime of

the Ross Ice Shelf is driven by periodic calving of large tabular icebergs as the result of rifting

(Joughin and MacAyeal, 2005; Lazzara et al., 2008), whereas the Sørsdal ice shelf calves small

icebergs more frequently and primarily as a result of basal crevasses (Chapter 3). Given the

difference in the calving mechanisms it is unlikely that these mechanisms explain the similarity

in the proportionality factors, instead the pattern of spreading at the calving front may be the
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reason for the similarity. Both the Ross Ice Shelf and the Sørsdal ice shelf have low modelled

values of spreading along their calving fronts suggesting they both have constrained geometries

which produced the similar K±2 values. Performing a time evolving analysis that allows the

Sørsdal ice shelf to extend forward of the pinning points that act to constrain the calving front,

may increase the along-flow stretching rate and reduce the K±2 value to a value similar to that

of the Amery Ice Shelf, which exhibits high modelled stretching values at the calving front

(Levermann et al., 2012).

A key consideration for the application of the eigencalving approach is that the proportionality

factor is sensitive to the region from which it is derived. Levermann et al. (2012) use multiple

locations along the calving fronts of Antarctic ice shelves to derive the K±2 estimates. Some

of the ice shelves within this study (e.g. Ronne and Larsen C ice shelves) show an almost

linear relation between the trace of the spreading rate tensor and the calving rate (Equation

4.13). However, other ice shelves (e.g. Amery Ice Shelf) show considerable spatial variation

in spreading rate along their calving fronts and this relation is no longer clear. For the work

presented here a bounding box was used to constrain the area from which the proportionality

factor was selected (Figure 4.12). The bounding box was positioned to capture only the free

floating section of the calving front, avoiding the influence of the two pinning points that are

present on either side of the calving front and are locations where the ice flow model, SSA,

breaks down. When the bounding box was extended and the pinned regions were included, the

resulting median K±2 was influenced. These results highlight the sensitivity of this approach to

the region of the ice shelf calving front from which the K±2 is selected.

Application of the crevasse-depth calving law to the Sørsdal ice shelf produced predicted sur-

face and basal crevasse depths that are of realistic depths observed for an Antarctic ice shelf

(Luckman et al., 2012; McGrath et al., 2012b; Liu et al., 2014). The spatial distribution of the

crevasses shows high depths along the shear margin of the northern edge and in the regions

of the pinning points along the southern edge of the ice shelf. The pattern of high predicted

crevasse depths generally matches the spatial pattern of surface crevasses visible in satellite

imagery (Chapter 3). However, the two bands of surface crevasses that stretch the length of

the ice shelf in an along-flow orientation do not show greater predicted depths than crevasses

in the ice surrounding the crevasse bands (all have depths of approximately 10 - 15 m). This

lack of higher predicted crevasse depths suggests that these crevasses do not influence the flow

regime of the ice shelf as they do not modify the velocity field. The observed velocity field

supports the suggestion that these crevasse bands have no influence on the flow regime as it

shows no increase or decrease in the region of these crevasses.

A similar lack of increased predicted crevasse depth values occurs in the region of the basal

crevasses near the ice shelf calving front, despite the explicit incorporation of basal crevasses

within the crevasse-depth calving law. There are high predicted crevasse depth values along

the shear margin but they do not extend over the basal crevasse region (for all model configu-
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rations). Very high fracture proportion values (> 80 %) are present along the western half of

the shear margin, suggesting that the ice is close to being or is fully fractured in this region.

Comparison with satellite imagery shows many narrow arcuate crevasses (of unknown depths)

in the region of the shear margin. The high predicted crevasse depths estimated in the region

of the shear margin are not unexpected, given the reliance of the crevasse-depth calving law on

the longitudinal strain rate. The longitudinal strain rate is derived from the velocity field and

is strongly influenced by lateral drag (Cuffey and Paterson, 2010), which will be high in this

region due to the margin of the ice shelf being pinned at many locations.

An alternative and more likely explanation for the high predicted crevasse depths and high

fracture proportion found along the shear margin and in regions that do not show high observed

crevasse density or depths, relates to model geometry and configuration. The influence artefacts

in the modelled velocity distribution have on predicted crevasse depth (Section 4.3.2) highlights

the influence unmapped grounded regions have on the results of the calving law analysis. The

anomalously high fracture proportion values indicate that the model may be failing to represent

stresses at the shear margin due to the over-simplified stress balance of the ice flow model

(SSA). In addition, the ice thickness in this region, as derived from surface elevation values

and the assumption of hydrostatic equilibrium, may be erroneous. This region of the ice shelf

is pinned in many regions (the extent of which are unknown), so the assumption that the ice

is in hydrostatic equilibrium may be invalid in these regions and be causing the anomalously

high values of fracture proportion.

The assumption of hydrostatic equilibrium may also be responsible for the low fracture pro-

portion in the region of the basal crevasses. In this region, the large gradients in ice thickness

resulting from the series of undulations in the ice surface (Chapter 3) should produce increased

crevassing as a result of the ice attempting to return to hydrostatic equilibrium (Vaughan et al.,

2012). However, the enforced hydrostatic equilibrium of all points in the model geometry that

are floating minimises the resulting stresses and hence crevassing is reduced. As a result, the

assumption that all the ice shelf is in hydrostatic equilibrium has potentially removed the in-

fluence of important dynamics (i.e. the basal crevasses) on the flow regime and has affected the

results of the calving law analysis as a consequence. These findings suggest that the crevasse-

depth calving law of Nick et al. (2010) would better represent crevasse depth and fracture

proportion over the Sørsdal ice shelf if an observed ice thickness that was obtained independent

of surface elevation was used in conjunction with improved identification of grounded regions

that reduce the inappropriate application of the hydrostatic equilibrium assumption across the

ice shelf.

The crevasse-depth calving law of Nick et al. (2010) has previously been applied to a floating

ice tongue, the Petermann Glacier in Greenland (Nick et al., 2013), where the model failed

to accurately represent the tabular calving style of the ice shelf. Factors that influenced the

propagation of transverse fractures (the main mechanism of calving), such as tidal flexure,
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winds, air and ocean temperatures as well as ice shelf geometry, were not included in the model

used in this study (Nick et al., 2013). It was found that the lack of frontal resistive stresses in

the floating ice tongue caused the flow of the glacier to be insensitive to changes in the terminus

and instead submarine melting near the grounding line had more influence on ice flow (Nick

et al., 2013). These findings suggest that for floating ice, either glacier tongues or ice shelves,

where the calving regime is not determined by resistive stresses, a calving law that prescribes

calving front location based heavily on resistive stresses will struggle to represent changing

frontal behaviour and tuning of other parameters will be required in order to match the calving

front behaviour (Nick et al., 2013). The crevasse-depth calving law has also been found to fail

when applied to Antarctic ice shelves, such as the Ross, Filchner-Ronne or Amery ice shelves,

where surface ponding is limited. Bassis and Walker (2012) found that the predicted depths of

surface and basal crevasses were, in general, insufficient to penetrate the full ice shelf thickness

and thus cause calving.

The results of the damage-based calving law show a similar distribution of damage values as

the fracture proportion distribution from the crevasse-depth calving law, with higher damage

in the region of the shear margin and along the southern edge of the ice shelf where it is

pinned. Again, the surface crevasses in the two crevasse bands are not captured. A noticeable

difference between the two distributions is that there are high values of damage over the region

of basal crevasses (for a model configuration using a surface ice temperature of -18 ◦C). The

damage-based calving law identifies areas of the ice shelf where there is a mismatch between

the observed and modelled velocity fields that is caused by the influence of crevasses on the

local stress balance. In the model configuration used here the presence of basal crevasses is

already incorporated into the model domain as the modelled velocity field explicitly accounts

for the crevasses and it matches the observed velocity field well. Therefore, crevasses which are

included in the model geometry will not be identified by the damage inversion method, which is

why the damage model does not capture the influence of the basal crevasses. Thus, the higher

damage values in the basal crevasse region may not be the explicit result of basal crevasses

but instead result from surface crevasses or, more likely, from damaged ice that has advected

from up-glacier into the region. The mismatch between the modelled damage distribution and

the observed crevasse spatial distribution may result from the advection of damage, as high

inferred values of rigidity have been found upstream of pinning points, and the non-local flow

influence complicates the interpretation of inverted rigidity, and thus damage, results (Borstad

et al., 2013, 2016).

The damage results show a strong sensitivity to the surface ice temperature that is used (and

the resulting rigidity distribution), where warmer ice produced lower values of damage in the

vicinity of the basal crevasses. The sensitivity of the damage distribution to surface ice temper-

ature has been identified by other studies (Borstad et al., 2012, 2013, 2016). Bias in the damage

calculation results from incorrect ice temperatures, for example, marine ice at the base of ice



4.4. DISCUSSION 111

shelves can lead to over-estimation of damage (Borstad et al., 2013), whereas artificial levels

of damage are needed to compensate for ice that is set too cold (Larour et al., 2005; Borstad

et al., 2016). This close relationship between ice temperature, ice thickness and ice rigidity was

identified in the sensitivity analysis performed in this chapter, and again highlights the need

for accurate input parameters, such as ice thickness and temperature fields, at a resolution that

captures the spatial variability in these parameters.

Due to the crevasse-depth law and the damage law being sensitive to different input parameters

for different reasons it is impossible to say which calving law works better at representing the

influence of basal crevasses and their involvement in the calving regime of the Sørsdal ice shelf.

Both calving laws can be used to identify the new position of the calving front, but neither

the fracture proportion nor the damage maps show a clear, continuous across-flow band of

higher predicted crevasse depth or damage (respectively) that could be used to identify the

new position of the calving front. Assuming the modelled distributions of predicted crevasse

depths and damage accurately represent the influence of fractures on the flow of ice, then the

lack of across-flow bands may suggest that the ice shelf front is stable and that calving will

not occur up-glacier of the current ice shelf calving front. Despite the limitations of the model,

these findings are in agreement with observed calving front locations, which have not retreated

up-glacier beyond the pinning points during the time-series of satellite images (Chapter 3).

All three of the calving laws that were applied to the Sørsdal ice shelf exhibit a high degree of

sensitivity to rigidity parameters, where low values of ice rigidity correspond to high values of

calving rate, predicted crevasse depths and damage. This strong sensitivity is not surprising

given that the flow of ice depends on many factors, one of which being the rigidity B. During

model initialisation the surface ice temperature was found to have the greatest impact on the

rigidity, changing the spatial distribution rather then the mean or median values. This finding is

in agreement with other studies. For example, Larour et al. (2005) found large spatial variations

in the rigidity across the Ronne Ice Shelf and relate this variability to the thermal regime of the

ice shelf. The analytical approach used in this chapter to derive the steady-state temperature

field was not only dependent upon the ice surface temperature but also the ice thickness as well

as surface and basal mass balance estimates (Holland and Jenkins, 1999). Unfortunately, the

input parameters for calculation of the column-averaged ice temperature (which represented

the initialisation temperature within this study), are not well observed.

Not only are the parameters used within the initialisation temperature estimate not well ob-

served but the column-averaged ice and seawater densities used within this work are not based

on observations but rather are commonly applied densities (e.g. Fricker et al., 2002a). These

constants influence the ice thickness field, as it was derived from surface elevation values and

the assumption of hydrostatic equilibrium. The assumption of hydrostatic equilibrium is found

to be appropriate in regions of the ice shelf that are free floating. However, this assumption

breaks down near the pinning points. These grounded regions are also where the ice flow model
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used here (SSA) is unable to accurately represent the ice flow due to it neglecting vertical shear

stresses. In addition, the ice in these regions may be highly deformed leading it to become

anisotropic. The use of a flow law (e.g. Glen’s flow law) that does not accurately represent

the microstructure of deformed polycrystalline ice can lead to inaccurate representation of flow

(Graham et al., 2018), thus the ice flow law may have contributed to the erroneous values in

these grounded regions.

The geometry of the pinning points along the margins of the Sørsdal ice shelf is unknown but

their extent was found to influence the ice thickness field and the rigidity spatial distribution,

and consequently the results of the calving law analyses. The sensitivity of rigidity inversion

results to pinning points, whether present or absent, was highlighted by Berger et al. (2016),

who stress that incorrect inclusion of pinning points within ice sheet/ice shelf models that

involve rigidity inversion techniques leads to erroneous ice shelf properties. These findings

highlight the need for accurate identification of pinned regions across ice shelves.

The results and limitations discussed here show that although all three calving laws can be

applied to a small ice shelf in East Antarctica, all three calving laws are sensitive to the input

datasets (particularly the ice thickness and ice temperature fields), as well as to the constants

used with the rigidity inversion. The findings of this work show that it is vital to accurately

represent the spatial variation in rigidity within numerical simulations of ice shelf flow (Larour

et al., 2005).

4.5 Conclusions

The work presented in this chapter aimed to test the performance of three calving laws that are

commonly implemented within ice sheet models on the Sørsdal ice shelf. A domain was created

for the Sørsdal ice shelf within ISSM running Shallow Shelf Approximation flow equations and

using an inversion to derive ice rigidity. The calving laws were applied using the configuration

that best matched the observed surface velocity field. The sensitivity of the calving law results

to different input variables (i.e. ice thickness, ice temperature and model geometry) was also

assessed.

Application of the eigencalving law to the Sørsdal ice shelf produced a proportionality factor

that was well within the range of other published values for this tuning parameter, suggesting

the eigencalving law was successfully applied to the Sørsdal ice shelf. However, the wide range

of values derived from other Antarctic ice shelves may make the law difficult to apply on

large scales (i.e. the Antarctic continent). The eigencalving approach used here also showed

sensitivity to the size and position of the bounding box from which the median calving rate

and proportionality factor were derived, so suitable selection sites would be required for each

individual Antarctic ice shelf if applied on a continental basis.
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Application of the crevasse-depth criterion and the damage-based calving law produced maps

where regions of high fracture depth align with regions of high damage, particularly in a shear

margin along the northern edge and near pinned regions along the southern edge of the ice

shelf. The spatial distributions of damage and fracture depth show that fractures observed

from satellite imagery, such as surface crevasses, are not always represented in the modelled

damage or fracture patterns, as they do not influence the flow regime of the ice shelf, and thus

do not influence the velocity distribution.

The crevasse-depth calving law also does not indicate increased fracture depths over the region

of basal crevasses identified in Chapter 3, despite specifically incorporating basal crevasses

into the calving law. The reasons for the inability of the crevasse-depth model to identify

basal crevasses relates to the assumption of hydrostatic equilibrium that was used to derive ice

thickness. The application of the hydrostatic equilibrium assumption may have removed any

influence the basal crevasses had on the stress field. In addition, incorrect application of the

assumption to regions of the ice shelf that were not floating, but rather grounded on pinning

points, lead to erroneous ice thickness estimates and failure of the SSA flow model. These errors

affected the results of all the calving law analyses. These findings suggest that observed ice

thickness measurements would be better for use with the crevasse-depth calving law and that

application of the hydrostatic equilibrium assumption everywhere is not appropriate, which

requires better coverage of pinned regions.

The damage-based calving criterion showed a similar pattern to the fracture proportion derived

from the crevasse-depth calving law, but with higher values of damage in the region of the basal

crevasses (for a model configuration with a surface ice temperature of -18 ◦C). The surface ice

temperature analysis indicated that the spatial distribution of damage was highly sensitivity

to surface ice temperature. This sensitivity was also exhibited by the results of the other

two calving laws and is a consequence of the relationship between ice temperature and ice

rigidity. These findings highlight the need for well-tested ice thermal models that are based on

well-constrained input data.

Assuming the distributions of the fracture proportion and damage are accurate representations

of the flow dynamics and the influence of fractures, then the maps of damage and fracture depth

indicate that the ice shelf location is stable and that calving will not occur up-glacier of the

current terminus position as no likely candidate of a new calving front location was identified,

which agrees well with observations. The results of these analyses have been produced at a

single time-step of the model. Running the model configurations in a time evolving ice sheet

model and determining how the calving law results change is beyond the scope of this work.

Ice shelf calving is used within glaciological models as a boundary condition that can either

prescribe the calving rate or the position of an ice shelf calving front. The work presented in this

chapter has evaluated the sensitivity of three calving laws to input parameters and has found
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that improved observations of ice thickness and pinned regions, as well as better constrained

models for deriving column-averaged ice temperature are vital for the successful application of

calving laws to Antarctic ice shelves. Each calving law is sensitive to different input datasets

and parameters, and therefore understanding these sensitivities can aid in identify which calving

laws are more applicable to different ice shelves around the Antarctic continent.



Chapter 5

Overall Summary and Conclusions

5.1 Summary of Results

This thesis has detailed the investigation of the calving regime of the Sørsdal ice shelf, a small

ice shelf in East Antarctica that is fed by the Sørsdal Glacier. The intentions of the work were

threefold: The first aim was to develop a new approach for estimating the long-term calving

flux of an ice shelf that overcame the limitations of other approaches and in doing so derive an

estimate for the calving mass flux of the Sørsdal ice shelf (Chapter 2). The second aim was to

identify the drivers of the calving regime of the Sørsdal ice shelf and to determine whether or

not environmental drivers, such as surface melt and/or ocean swell and waves, played a role in

the production of icebergs or in determining calving variability (Chapter 3). The final aim was

to apply three commonly-used calving laws to the Sørsdal ice shelf in order to examine their

ability to represent calving front location change as well as the mechanisms of calving of this

ice shelf (Chapter 4).

The new calving flux approach outlined in Chapter 2 produced a robust estimate of the long-

term average calving mass flux of an ice shelf, using observations of calving front location

and a flux gate technique within a unique semi-temporal domain. This approach overcomes

the limitations associated with temporal aliasing of satellite imagery. Overcoming the need

for satellite observations that are dense enough to capture the cyclic nature of changes in the

calving front position extends the possible temporal period from which calving fluxes can be

calculated, for any ice shelf. Studies that have previously estimated the calving flux have limited

the period of study to when annual observations of calving front location are available. For

example, Liu et al. (2015) constrain their study period from 2005 to 2011 (when observations of

calving front location are available annually), and so their estimates of calving flux only cover

this seven year period, which may not accurately represent the long-term average calving fluxes

of all the Antarctic ice shelves analysed in their study.
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The use of a flux gate, combined with observations of the calving front location within the

new approach, is beneficial as not only does it overcome limitations associated with flow line

techniques, such as the consideration of divergent and convergent ice flow (e.g. Liu et al., 2015),

but it also allows representation of the details of a complex calving front geometry. This ability

to increase the level of detail of the calving front geometry allows calving events of all sizes

(that are visible in the satellite images) to be quantified and incorporated into the final calving

mass flux estimate, increasing the accuracy of the estimate.

Application of the new calving flux approach to the Sørsdal ice shelf found that the long-term

average calving mass flux for this ice shelf is 0.74 ± 0.105 Gt/yr. This value is small when

compared to the estimates derived for other (larger) Antarctic ice shelves (e.g. Depoorter et al.,

2013; Liu et al., 2015). However, these other studies tend to overlook small ice shelves in their

analyses (for example Liu et al. (2015) explicitly neglected ice shelves less than 100 km2 in

area).

The application of the new approach also highlighted the considerable variability in the surface

area of the Sørsdal ice shelf that was forward of the prescribed flux gate over the study period,

suggesting that between 1972 and 2017 the calving regime of the Sørsdal ice shelf changed.

Capturing the variability in the calving front location, and in turn the calving regime, is a

strength of the approach outlined here as it allows consideration of non-steady-state calving

front behaviour, unlike other techniques (e.g. Depoorter et al., 2013; Rignot et al., 2013; Rott

et al., 2018). Calving flux estimates that do not assume steady-state calving front positions

(and hence do not impose a static calving regime) will provide improved estimates of ice shelf

mass loss due to calving as they better represent the dynamics at the calving front.

The importance of choosing an appropriate temporal baseline between the satellite images used

to estimate the long-term average calving flux (baseline calving flux) of an ice shelf is another

key finding of Chapter 2. If the temporal baseline is too short, the estimated calving flux may

not be representative of the long-term average. The minimum amount of time separating a pair

of satellite images required to represent the long-term average calving flux for the Sørsdal ice

shelf is found to be ∼ 7.6 years. The minimum temporal baseline for other Antarctic ice shelves

will differ due to the minimum temporal baseline being a function of ice shelf calving frequency.

Since calving flux can vary over time deriving an appropriate minimum temporal baseline is

critical, particularly for ice shelves that are exhibiting change, as it will aid in separating short

term variations from long-term trends in the calving flux. High-frequency satellite imagery

availability would be required in order to identify representative short-term variability in ice

shelf calving flux using the new approach.

Estimation of the long-term average calving mass flux is highly dependent upon the input

datasets, in particular the resolution of the ice velocity dataset. In this study, the following

assumptions are made: that the velocity remains constant across the time period (from 1972 to
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2017), that the cross-sectional area remains unchanged over time at the flux gate, and that the

basal mass balance is zero forward of the flux gate. The thickness of the ice shelf was derived

using surface elevation values, the assumption of hydrostatic equilibrium and published values

of ice and seawater densities, which again are assumed to be spatially and temporally constant.

Following on from the work that quantified the calving mass flux of the Sørsdal ice shelf, a

glaciological structural analysis was performed in order to identify the glacial features that

drive iceberg production from the Sørsdal ice shelf (Chapter 3). These glacial features were

then compared to environmental forcings in order to derive an explanation for the variability

in the area of ice forward of the flux gate. Surface elevation data were used in conjunction

with a time-series of visible satellite imagery that spanned from 1972 to 2019. The glaciological

analysis identified the presence of rifts, surface and basal crevasses as well as basal channels

on the Sørsdal ice shelf. These key glacial features were then investigated for their interaction

and evolution over time, from which a conceptual calving model of the Sørsdal ice shelf was

developed.

The calving model highlights the pivotal role that basal crevasses play in the production of

icebergs as well as the relationship between basal crevasses and rifts that determines the across-

flow iceberg boundaries. Across-flow orientated basal crevasses are prevalent on other Antarctic

ice shelves, such as the Fimbul, Amery, Getz and Larsen C ice shelves (e.g. Humbert and

Steinhage, 2011; Luckman et al., 2012; McGrath et al., 2012b; Wesche et al., 2013). Basal

crevasses have been found to occur downstream of ice shelf grounding lines (Luckman et al.,

2015), downstream of ice rumples (McGrath et al., 2012b) and in the case of the Sørsdal ice

shelf are found downstream of pinning points along the northern margin of the ice shelf near the

calving front. Basal crevasses have also previously been identified as the drivers of the calving

regimes of other Antarctic ice shelves, such as the Totten Ice Shelf (Cook et al., 2018b). The

findings from this work on the Sørsdal ice shelf add emphasis to the need for an Antarctic-wide

map of basal crevasse locations and that studies investigating the calving regimes or modelling

of the calving processes of Antarctic ice shelves should consider the role of basal crevasses.

The calving model also identifies rifts as a driver of calving from the Sørsdal ice shelf, par-

ticularly across-flow rifts. Across-flow rifts are common on Antarctic ice shelves, for example

the Ross Ice Shelf and the floating section of Pine Island Glacier (e.g. Joughin and MacAyeal,

2005; Glasser and Scambos, 2008; Lazzara et al., 2008; Howat et al., 2012; Wesche et al., 2013).

However, what makes the across-flow rifts of the Sørsdal ice shelf different to the majority

of the rifts found on other ice shelves is that they do not connect to an ice shelf edge (until

calving becomes imminent). Instead, the rifts form in the middle of the southern half of the ice

shelf and propagate towards the two margins. Identifying the processes that cause the rifts to

initiate and develop was beyond the scope of this work, though it is likely to be related to the

presence of basal crevasses. A strong connection between rift initiation and basal crevasses has

been found on other ice shelves, such as Pine Island Glacier and Petermann Ice Shelf, where
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rifts also initiated in the centre of the ice shelf and form from basal crevasses (Jeong et al.,

2016; Dow et al., 2018). Rifts that incise slowly from the ice shelf edge, as well as caves, were

identified as glacial features that also influence the along-flow boundaries of icebergs. Caves

have received little attention in the literature to date and the findings of this study suggest

their involvement in calving processes warrants further investigation.

An analysis of the evolution of the key glaciological features was performed in order to identify

the mechanisms responsible for the variability in the area of the ice shelf that was forward of

the flux gate from 1972 until 2017. This analysis showed that a complicated relationship exists

between basal channel geometry and other glacial features, such as surface and basal crevasses

and even rifts. A change in basal channel shape was linked to the propagation of basal crevasses

and the formation of rifts, and hence the stable calving front position. The basal channel

geometry is thought to have changed as a result of changes in subglacial meltwater routing

near the grounding line. These findings highlight the interconnected nature of an ice shelf,

in this case where changes in the pattern of subglacial meltwater routing eventually resulted

in changes in the frequency and size of calving events. Basal channels have been previously

linked to fracture development and their influence on the calving regime due to the structural

weakening they cause (Alley et al., 2016; Dow et al., 2018).

The environmental drivers of air temperature observations (as a proxy for surface melt) and

sea ice observations (as a proxy for swell induced flexure and direct wave action) were also

examined, to determine whether or not they played a role in the production of icebergs or

in determining the calving front location variability. The trends in the environmental drivers

were compared to the trends in the area of ice shelf forward of the flux gate but no significant

relationship was found, indicating there was no strong connection between the environmental

drivers and the calving regime of the Sørsdal ice shelf.

The findings of Chapter 3, i.e., 1) that changes at the calving front were driven by changes

near the grounding line and 2) that the environmental forcings had little to no influence on the

calving regime, indicate that the calving regime of the Sørsdal ice shelf is currently controlled by

internal glaciological processes (i.e. basal crevasses), not external drivers. These findings have

important implications for understanding the drivers of change exhibited by other Antarctic ice

shelves, as the findings suggest that change in the calving regime of an ice shelf is not always

environmentally driven. However, the Sørsdal ice shelf may be sensitive to environmental

drivers in the future with increasing air and ocean temperatures. Despite the high likelihood

that any increase in the volume of surface melt (that results from atmospheric warming) will

be channelled off the surface of the ice shelf through an established network of lakes and

streams (Bell et al., 2017), the surface depressions caused by the basal crevasses are potential

locations for surface meltwater ponding. If the meltwater is able to drain into these surface

depressions, then given that the thinner ice above these crevasses is more susceptible to fracture,

hydrofracture may occur and influence the calving regime of the ice shelf (Scambos et al., 2000,
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2003; Bassis and Walker, 2012; McGrath et al., 2012b).

Given that the calving regime of the Sørsdal ice shelf is driven by basal crevasses, any increase

in the temperature of the ocean waters that enter the cavity beneath the ice shelf may thin the

ice shelf or lead to intensified melting within the basal crevasses, and thus have an influence on

the calving regime and the stability of the ice shelf. Thinning ice shelves are more susceptible

to fracture (Massom et al., 2018) and so the pattern of ice shelf basal melting may be used to

determine the spatial distribution of basal crevasses (Vaughan et al., 2012). Increased basal

melt may result in more frequent and rapid development of basal crevasses, so ice shelves, such

as the Sørsdal ice shelf, that have basal crevasses present are likely to be more vulnerable to

ocean changes than to atmospheric warming.

The findings of this work indicate that the calving regime of the Sørsdal ice shelf exhibited

change without obvious oceanic or atmospheric drivers (in the forms of ocean swell and waves

as well as surface melt), suggesting the calving regimes of Antarctic ice shelves are not static,

even for ice shelves not experiencing obvious changes due to global warming. Ice shelves, such as

the Sørsdal ice shelf, may be vulnerable in the future not just to changes driven by increased air

and ocean temperatures but also by changes in the subglacial hydrological network (Le Brocq

et al., 2013; Dow et al., 2018).

The results of the glaciological and environmental analyses are subject to several limitations,

primarily related to the observation-based techniques used. The presence of features at the

base of the ice shelf (i.e. the basal crevasses and basal channels) were inferred from surface de-

pressions and the pattern of surface crevasses, respectively. The lack of direct observations and

the difficulty of reaching these locations on an ice shelf in order to measure these features is an

inherent issue in current glaciological studies of ice shelf characteristics. Both the environmen-

tal forcings used proxies as representatives. Sea ice cover was used as a proxy for the influence

of ocean swell and direct wave action on the ice shelf and air temperature was used as a proxy

for surface melt using a positive degree day approach. Both proxies are simple approximations

of actual processes and so may not accurately represent the processes of interest.

The final section of this thesis (Chapter 4) concludes the investigation into the calving regime

of the Sørsdal ice shelf by evaluating the applicability of three commonly-used calving laws

to the Sørsdal ice shelf in order to examine their ability to represent calving front location

changes as well as the mechanisms of calving. The three laws that were investigated include

eigencalving, a continuum damage mechanics-based calving law, and a modified crevasse-depth

criterion. A domain was created for the Sørsdal ice shelf within the Ice Sheet System Model

running Shallow Shelf Approximation flow equations and inverting for ice rigidity.

Application of the eigencalving law (Levermann et al., 2012) to the Sørsdal ice shelf using a

calving rate that was equal to the observed velocity field produced a median proportionality

factor of 1.04 x 107 m/yr. This value of the proportionality factor is well within the range of
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other published values for Antarctic ice shelves (Levermann et al., 2012). However, the findings

of this analysis indicate that the proportionality factor used is sensitive to the region of the ice

shelf calving front from which it is derived.

Application of the crevasse-depth calving law (Nick et al., 2010) to the Sørsdal ice shelf produced

realistic predicted surface and basal crevasse depths. The pattern of higher predicted crevasse

depths generally matched the spatial pattern of surface crevasses visible in satellite imagery.

However, the surface crevasses in the two along-flow crevasse bands were not captured, nor were

the basal crevasses at the calving front. The distribution of crevasse-depths and the resulting

fracture proportion was found to be strongly influenced by model geometry and configuration.

Anomalously high fracture proportion values indicated that the ice flow model (SSA) may have

failed to represent stresses at the shear margin, or that the flow law used may have poorly

represented the effects of an anisotropic ice structure on the ice flow in the shear margin. In

addition, the ice thickness values in this region were likely to be erroneous. This region of the

ice shelf is pinned at many locations (the extent of which are unknown), so the assumption of

hydrostatic equilibrium used in deriving the ice thickness may be invalid in these regions and

have caused the anomalously high values of fracture proportion.

The assumption of hydrostatic equilibrium may also be responsible for the low fracture pro-

portion in the region of the basal crevasses, as it minimised the resulting stresses and hence

crevassing was reduced. As a result, the assumption that the entire ice shelf is in hydrostatic

equilibrium has potentially removed the influence of the basal crevasses on the flow regime,

which affected the results of the calving law analysis as a consequence. These findings suggest

that the crevasse-depth calving law of Nick et al. (2010) is particularly sensitive to the ice

thickness field and the location of pinning points.

The results of the damage-based calving law (Borstad et al., 2012, 2016) show a similar distribu-

tion of damage values to the fracture proportion distribution from the crevasse-depth calving

law, including the lack of representation of the surface crevasses in the two crevasse bands.

High damage values were predicted for regions where there are no observed surface crevasses

or depressions resulting from basal crevasses. This mismatch between the modelled damage

distribution and observed crevasse spatial distribution may have resulted from the advection of

damage. The damage results showed a strong sensitivity to the surface ice temperature used

(and the resulting rigidity distribution).

It is impossible to determine whether the crevasse-depth calving law or the damage-based

calving law better captures the influence of basal crevasses as the two laws are sensitive to

different input parameters for different reasons. Neither the fracture proportion or the damage

maps identified a new position of the calving front, and though this may suggest that the

ice shelf front is stable and that the calving front is unlikely to shift up-glacier of its current

position, assumptions have been made regarding the representativeness of the two calving law
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results that may be erroneous.

All three calving laws exhibit a high degree of sensitivity to rigidity parameters, where low

values of ice rigidity correspond to high values of the calving rate, predicted crevasse depths

and damage. A close relationship was identified between ice thickness, ice temperature and the

spatial distribution of rigidity, which in turn influenced the results of the calving law analyses.

5.2 Directions for Further Work

There are many possible directions for future work to build upon the outcomes of this project.

In particular, the following are suggested:

In Chapter 2 a new approach was outlined for calculating the long-term average calving flux

of an ice shelf. This new approach was applied to the Sørsdal ice shelf, which is one of many

small ice shelves that fringe the Antarctic continent. Application of the new, observation-

based calving mass flux approach to other small Antarctic ice shelves would provide (in some

cases) the first published calving flux estimate for these ice shelves. For ice shelves that have

published calving flux estimates, such as the Vanderford or Rennick Glaciers (Depoorter et al.,

2013), application of this approach to these ice shelves would allow comparison of the calving

flux estimates derived from the different methods. The results of previous studies, such as

that of Liu et al. (2015) could be compared, updated and also extended further into the past,

in order to identify short-term changes from longer-term trends in the calving flux. The new

approach could also be applied to larger ice shelves such as the Amery Ice Shelf. This method

only requires velocity and ice thickness estimates so it should be possible to apply the approach

to many Antarctic ice shelves in order to improve estimates of the continental baseline calving

mass flux.

The new approach encompasses all scales of calving, from small blocks (10−20 m, depending on

satellite image resolution) through to large tabular icebergs. Further work may allow separation

of the different styles of calving that occur across a single ice shelf (Wesche et al., 2013), and

allow quantification of the mass lost due to each calving style. This is likely to only be successful

for time periods that have dense, high-resolution satellite image availability. The results of

this separation into calving style could be compared to the results of Liu et al. (2015) who

divide calving styles into frequent ‘disintegration’ calving and infrequent ‘tabular’ calving. An

improved understanding of the processes that are responsible for the different calving styles (e.g.

basal crevasses) would lead to improved nomenclature regarding calving styles. Quantifying

the mass loss due to particular calving styles may aid in understanding and predicting the

vulnerability of Antarctic ice shelves to different environmental forcing in the future.

The new approach also allows the characteristic temporal baseline to be identified for an ice

shelf. Knowing the minimum temporal baseline needed to derive calving mass flux estimates
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that are representative of the long-term mean and not short-lived trends will aid endeavours

to monitor changes in the calving flux of Antarctic ice shelves. Consideration of appropriate

temporal baselines can also aid in the distinction of calving styles (mentioned above), as calving

styles that result from different mechanisms may exhibit different temporal baselines, as the

mechanisms may act on different time scales. For example, ice shelves that calve icebergs

through incising rifts that take many years to propagate into the ice shelf and to eventually

join and produce an iceberg (e.g. Amery Ice Shelf) will have a longer characteristic temporal

baseline than ice shelves that regularly produce smaller icebergs as a result of the frequent

formation of basal crevasses (e.g. Sørsdal ice shelf).

The conceptual calving model for the Sørsdal ice shelf (outlined in Chapter 3) identified a com-

plex relationship between rift formation and the presence of basal crevasses, that determines

the across-flow boundaries of icebergs. Identification of the mechanisms by which these rifts

form away from the ice shelf margins and how the rifts are connected to the basal crevasses will

greatly improve the understanding of iceberg production from the Sørsdal ice shelf. Given the

importance of basal crevasses, determining the length of these features directly (rather than in-

ferring their characteristics from surface depressions) would go a long way to answering whether

or not they extend right across the ice shelf and determining their involvement in the develop-

ment of rifts. Caves along the calving face were identified in the calving model as playing a role

in the along-flow determination of iceberg boundaries. However, very little is currently known

about the development of caves and their explicit involvement in the production of icebergs.

The findings of this study suggest further investigation (either through observations, such as

side-scan sonar profiles from AUVs, or through modelling applications) into cave initiation and

development, would also improve the understanding of calving mechanisms of Antarctic ice

shelves.

To improve the validity of the conclusions drawn here regarding the lack of influence of the

environmental parameters, observations and measurement are required of swell induced flexure

and direct wave action as well as quantification and mapping of the surface melt that occurs

on the Sørsdal ice shelf. Currently the Sørsdal ice shelf exhibits a stable calving front and thus

calving regime, however given the potential for change related to the interaction between basal

crevasses and ocean conditions, further examination is required of the ocean conditions within

the basal crevasses, particularly in the region of high basal melt along the southern half of the

ice shelf.

A change in basal channel geometry over time was suggested to be a consequence of changes

in subglacial meltwater routing at or near the grounding line. Further work could determine

the likelihood of a change in the subglacial drainage network by investigating the relationship

between hydraulic potential and varied grounding line positions (Dow et al., 2015). Quantifica-

tion of the time scale of the changes may allow improved identification of the mechanism that

caused the changes in the basal channel geometry.
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The application of three commonly-used calving laws to the Sørsdal ice shelf used a model con-

figuration that was diagnostic only, providing instantaneous distributions of the eigencalving-

derived calving rate and proportionality factor, predicted crevasse depths, fraction proportion

and levels of damage (Chapter 4). Running the model in a prognostic configuration would allow

further investigation of the sensitivity of the calving laws to model geometry. The findings of

this study show that the Sørsdal ice shelf is well-constrained, so allowing the ice shelf to prop-

agate forward of the pinning points may allow divergent flow, and increased rates of spreading,

to occur. Allowing the ice shelf to propagate forward of its current location would in turn

allow investigation of the evolution of damage. However, care would have to be taken when

investigating the evolution of damage, as the immediate damage (as produced in this work) is

maintained over time, therefore any artefacts or anomalies in the damage distribution would be

incorporated and could lead to erroneously high values of damage and thus false identification

of the calving front location. Using a prognostic configuration could also be used for a further

eigencalving application. The eigencalving law is based on the premise that spreading must be

divergent so enabling divergent flow at the calving front may alter the proportionality factor

produced, or if the proportionality factor remains fixed, then the calving rate would change

instead. The crevasse-depth calving criterion is based on resistive stresses which could also alter

as a result of the ice shelf calving front extending forward of its pinning points, thus the results

for the crevasse-depth calving law may also be sensitive to a prognostic model configuration. A

prognostic simulation would allow comparison of modelled calving front locations with observed

calving front locations, in order to identify the calving law that best represents the dynamics

of the Sørsdal ice shelf calving front.

The calving laws were all applied to a model configuration that used SSA ice flow equations

and ice thickness values derived from a surface elevation field and the assumption of hydro-

static equilibrium. Using an ice thickness dataset based on observations and only applying

the assumption of hydrostatic equilibrium where appropriate, as well as using a higher-order

ice flow model, such as the Blatter-Pattyn approximation (Blatter, 1995; Pattyn, 2003), may

reduce the anomalously high values of damage and fracture proportion, thereby improving the

ability of the calving laws to represent calving front location change and the influence of basal

crevasses on ice flow.

5.3 Concluding Remarks

This thesis contributes to the background knowledge of small Antarctica ice shelf calving

regimes and how these ice shelves may respond to future changes in environmental condi-

tions. The new approach for deriving the long-term average calving mass flux can be applied

to any ice shelf in Antarctica, if the required datasets (i.e. velocity and ice thickness fields) are

available. Producing calving flux estimates for smaller Antarctic ice shelves will improve the
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estimate of Antarctica’s mass loss due to calving as they are often missed from continent-wide

studies. Using a technique that allows for non-steady-state behaviour at the calving front will

also aid in improving the accuracy of the calving flux estimate. In addition, the method pro-

posed here captures the different sized calving events that can occur from an ice shelf calving

front which will also improve estimates of the calving mass flux. Previous observation-based

studies that have estimated the calving flux of Antarctic ice shelves have been limited to more

recent times when there is frequent satellite imagery availability and so the approach outlined

here offers a way to extend these studies further back in time to when satellite images are less

available. Not only will this extension in time provide a more robust estimate of the long-term

average calving mass flux, but short-term variations that occur as the result of changes in the

calving regime of ice shelves can be identified (if the temporal resolution is sufficient).

Analysis of the mechanisms involved in the production of icebergs from the Sørsdal ice shelf

highlight several important findings. The first is that complicated relationships can exist be-

tween the various forms of fracture on an ice shelf, which have important implications for the

calving regime of that particular ice shelf. For example, the interaction between rifts and basal

crevasses actively drives across-flow fracture development and the resulting iceberg boundaries

on the Sørsdal ice shelf. The second key finding is that changes that occur away from the calving

front on an ice shelf can cause variation in the calving regime. For example, on the Sørsdal ice

shelf changes in the subglacial meltwater routing caused changes in the shape of basal channels,

which in turn influenced the development of rifts at the calving front. This is a particularly

important finding as it suggests that ice shelf calving regimes are not static and can change, not

just as the result of atmospheric and oceanic changes due to global warming (in the forms of

changes in ocean swell and waves as well as surface melt), but also via changes in the subglacial

meltwater network. Lastly, it was found that surface meltwater did not appear to be involved

in the production of icebergs from the Sørsdal ice shelf, suggesting that surface melt can exist

on Antarctic ice shelves and does not necessarily mean that hydrofracture and disintegration

will occur as a result. This finding should be considered when modelling Antarctica’s future

response to environmental change. In terms of environmental change, warmer ocean waters are

already driving change of Antarctic ice shelves, so ice shelves which have calving regimes driven

by basal crevasses, such as the Sørsdal ice shelf, may be more susceptible to ocean warming

and warmer ocean waters reaching their base.

The application of three commonly-used calving laws (eigencalving, crevasse-depth and damage)

to the Sørsdal ice shelf showed that although all three calving laws can be applied to a small

ice shelf, all three calving laws are sensitive to the input datasets (particularly the ice thickness

and ice temperature fields), and the constants used within the rigidity inversion. The findings

of this work show that it is vital to accurately represent the spatial variation in rigidity in

numerical simulations of ice shelf flow. The results of the calving laws were influenced by the

model geometry, in particular the influence that pinning points had on the derived ice thickness
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field. Using ice thickness that is not derived from surface elevation values and the assumption

of hydrostatic equilibrium in ice shelf models will reduce the errors associated with incorrectly

assuming the ice is in hydrostatic equilibrium when it is not. Tide models could also be used in

conjunction with a series of GPS stations, to identify the regions of an ice shelf that are pinned

and the nature of the pinning (permanent or episodic). Pinned regions also influence the stress

balance of the ice shelf, and the SSA ice flow model is unable to accurately represent the stress

field in the region of pinning points as it neglects vertical shear stresses. Improved maps of

pinning point locations around the margins of ice shelves will greatly aid in improving models

of ice shelf flow and dynamics. Pinning points were also identified in this study as a likely

source of basal crevasses, so identifying their location on ice shelves will help determine the

influence of basal crevasses on other Antarctic ice shelf calving regimes. Maps of pinning point

location could be derived from high resolution bed topography datasets such as BedMachine

(Morlighem et al., 2019), from satellite imagery such as SAR, or from airborne radar profiles

over particular regions of interest.
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Satellite Imagery Details

Acquisition Date Imagery Type Acquisition Date Imagery Type

1972-12-12 Landsat MSS 2014-02-16 ASTER L1T

1973-01-18 Landsat MSS 2014-03-03 Landsat 8

1973-02-04 Landsat MSS 2014-11-28 Landsat 8

1989-02-10 SPOT 2014-11-30 Landsat 8

1990-01-20 Landsat TM 2014-12-14 Landsat 8

2000-02-17 Landsat ETM+ 2015-01-15 Landsat 8

2001-01-18 Landsat ETM+ 2015-01-17 Landsat 8

2003-01-15 Landsat ETM+ 2015-01-20 ASTER L1T

2003-01-24 Landsat ETM+ 2015-02-17 ASTER L1T

2004-02-03 Landsat ETM+ 2015-03-06 Landsat 8

2005-01-29 ASTER L1T 2015-10-07 Landsat 8

2005-02-21 Landsat ETM+ 2015-11-15 Landsat 8

2005-11-20 Landsat ETM+ 2015-11-17 Landsat 8

2006-01-05 ASTER L1T 2015-12-10 Landsat 8

2006-01-09 ASTER L1T 2016-01-02 Landsat 8

2006-01-30 ASTER L1T 2016-01-11 Landsat 8

2006-11-23 Landsat ETM+ 2016-01-21 ASTER L1T

2006-12-18 Landsat ETM+ 2016-01-22 Sentinel-1

2007-01-19 Landsat ETM+ 2016-01-27 Landsat 8

2007-12-28 Landsat ETM+ 2016-02-11 ASTER L1T

2008-01-22 Landsat ETM+ 2016-02-12 Landsat 8

2009-02-16 Landsat ETM+ 2016-02-15 Sentinel-1

2009-12-01 Landsat ETM+ 2016-02-19 Landsat 8

2009-12-26 Landsat ETM+ 2016-02-28 Landsat 8

2010-01-02 Landsat ETM+ 2016-08-29 Landsat 8

2010-01-18 Landsat ETM+ 2016-09-07 Landsat 8

2010-11-18 Landsat ETM+ 2016-09-16 Landsat 8

2011-02-22 Landsat ETM+ 2016-09-30 Landsat 8

2011-11-21 Landsat ETM+ 2016-10-02 Landsat 8

2011-12-23 Landsat ETM+ 2016-12-21 Landsat 8
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Acquisition Date Imagery Type Acquisition Date Imagery Type

2012-01-24 Landsat ETM+ 2017-01-04 Landsat 8

2012-02-11 ASTER L1T 2017-01-08 Sentinel-2

2012-12-02 Landsat ETM+ 2017-01-19 ASTER L1T

2013-01-19 ASTER L1T 2017-01-20 Landsat 8

2013-02-04 ASTER L1T 2017-01-22 Landsat 8

2013-12-27 Landsat 8 2017-01-28 Sentinel-2

2014-01-12 Landsat 8 2017-02-04 ASTER L1T

2014-01-21 Landsat 8 2017-03-11 Landsat 8

2014-01-22 ASTER L1T 2017-03-29 Sentinel-2

2014-02-12 ASTER L1T
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