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7.1 Introduction

The Antarctic Ice Sheet (AIS) is the largest body of ice on Earth, located in the 
Southern Hemisphere over the geographic South Pole. Formed over hundreds 
of thousands of years through the gradual buildup of snow today the AIS has an 
average thickness of 2.2 km and covers an area of almost 14 million km2, about 
2.75% of the Earth’s surface. In total, the AIS contains 30 million km³ of ice and 
represents about 62% of the world’s total freshwater (Shiklomanov, 1993). If the 
AIS were to completely melt, global sea levels would rise by about 58 m (Fig‑
ure 7.1). The AIS is roughly separated by the trans‑Antarctic Mountains into two 
regions, with distinct drainage basins that route grounded ice to the ocean, where 
each drainage basin has its own ice shelf or ice shelves that are fed by glaciers and 
ice streams (Figure 7.1). The largest region is the East Antarctic Ice Sheet (EAIS) 
which covers more than two‑thirds of the continent area and contains 52 m of Sea 
Level Equivalent (SLE). The West Antarctic Ice Sheet (WAIS) has 5.3 m SLE, and 
the Antarctic Peninsula region has just 0.7 m SLE (Figure 7.1).

The AIS gains mass primarily by snow deposition, and currently loses mass pri‑
marily by basal melting and iceberg calving, and to a smaller extent surface melting 
and sublimation. The buildup of ice in the interior and loss of ice near the coasts 
causes the ice surface to slope towards its margins. This drives ice flow, which 
redistributes mass from higher elevation inland to lower elevation at its margins, 
and regulates how much the AIS contributes to the global sea level. The AIS is 
surrounded by ice shelves, which form where grounded ice flows into the ocean at 
the grounding zone and cover nearly 40% of the Antarctic continental shelf seas. 
The grounding zone is a transition zone between fully grounded and freely float‑
ing ice that is typically a few kilometres wide. Ice shelves can impede the flow of 
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FIGURE 7.1  Antarctic bedrock topography from BedMachine (Morlighem et al., 2020), 
with drainage basins (Rignot et al., 2011), and estimated global mean sea 
level potential from each basin, in metres (Tinto et al., 2019).

ice discharge from the grounded ice upstream. When an ice shelf drags against 
bedrock walls or seafloor highs, resistive forces are transmitted upstream, which 
reduces driving stress and therefore the flow of ice across the grounding line. This 
effect is known as “buttressing” (Thomas and Bentley, 1978), and loss or reduction 
of buttressing can increase discharge of grounded ice to the ocean, causing Sea 
Level Rise (SLR; e.g. Scambos et al., 2004; Gudmundsson et al., 2019). Ice shelves 
also influence the surrounding ocean with the freshwater generated through their 
basal melting being a significant source of cold and freshwater into the Southern 
Ocean.
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In this chapter, we explore several important questions, including:

• How will Antarctica contribute to sea level in the coming decades to centuries?
• What	processes	and	regions	should	be	the	focus	of	future	scientific	research?
• What key processes and regions control uncertainty in projections of future 

behaviour of the AIS?

We begin with a review of the processes and feedback that control ice‑sheet evolu‑
tion before providing an overview of the present state and trends of the AIS. We 
then discuss the deep uncertainty in ice‑sheet behaviour, and how this is implicated 
in future projections of change to the ice sheet. We conclude by examining how sea 
level will change at a regional scale due to mass loss from the AIS. The locations 
of the places referred to in the text are shown in Figure 0.1.

7.2 Factors Governing Ice‑Sheet Evolution

Understanding the primary controls on the ice sheet and ice shelves and the pro‑
cesses that act to alter them is key to understanding their evolution (Figure 7.2). 
There are several key interrelated factors (geographical, internal and external) 
that determine the structure and  rheology of ice shelves, and control their mass 
balance processes. Geographical factors, such as topography (Figure 7.1) and the 

FIGURE 7.2 Schematic of processes affecting the evolution of the Antarctic Ice Sheet.
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underlying conditions, set the ice thickness at the grounding line, the ice draft and 
the sub‑ice cavity shape, including the basal and sidewall contact points. Internal 
factors, such as ice temperature, history and age of ice, ice type (firn vs meteoric vs 
marine ice), impurities and the degree of damage (crevasses and rifts), set the ice 
rheology. External factors are the atmospheric and oceanographic settings, which 
affect both surface and basal processes. These processes also interact with each 
other, and act on multiple spatial and temporal scales; the response of the ice sheet 
to future climate states will depend on these interactions and feedbacks. In this sec‑
tion, we describe the main controls on ice‑sheet evolution.

7.2.1 Processes

Ice rheology: Ice flow is controlled by its rheology, i.e., how deformable the ice is, 
which depends on the ice temperature, the orientation of the ice crystals (its fabric) 
and the presence of impurities in the ice, and by how readily it can fracture. Several 
factors determine the relative magnitude of the stress applied during ice flow that 
can feedback on the ice rheology. At the low stresses generated by the small surface 
slopes in the interior of the ice sheet, ice flows as a polycrystalline solid (Cuffey 
and Paterson, 2010; Treverrow et al., 2012). Over shorter time scales (measurable 
in hours) ice can behave as an elastic solid, and the ability to release stored elastic 
energy can be important for the brittle fracture of ice. The deformation rate (or 
strain rate) of ice in tertiary creep is sensitive to deviatoric stress (roughly speak‑
ing, the shear force per unit area in the ice; Glen, 1955). Consequently, ice veloc‑
ity more than quadruples if ice thickness or surface slope doubles, and bedrock 
troughs play a large role in channelising ice flow.

The relationship between strain rate and stress is also dependent on temperature, 
impurities (e.g., air, sediment or salt; however, their influences are poorly known) 
and the presence of any meltwater when the temperature is close to the melting 
point (Paterson and Budd, 1982). In general, warmer and wetter ice deforms more 
easily. In turn, the temperature of the ice is controlled in part by flow, as faster 
flow leads to more internal deformation that dissipates more heat. This leads to 
potentially self‑sustaining feedback in which faster flow warms the ice, causing 
even faster flow. Feedback of this type allows ice to self‑organise into patterns of 
alternating fast‑ and slow‑flowing features (Hindmarsh, 2009), potentially leading 
to the formation of “ice streams” (Joughin et al., 1999).

Sliding: The high velocities of ice streams, around 100–1000 m per year (e.g., 
Joughin et al., 1999), are caused by rapid sliding at the interface between ice and 
bed, or rapid deformation within the underlying bed near that interface (Alley et al., 
1986). Both of these processes require ice temperatures at the melting point to pro‑
vide the highly‑pressurised liquid water needed to permit rapid basal motion (see also 
Bentley et al., 1998, Tulaczyk et al., 2000). Basal ice is often at a  temperature close to 
the pressure melting point (−0.87°C under 1 km of ice), or the ice may even be under‑
going active melting. Melting is due to a combination of geothermal heating and 
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frictional heat generated as the ice slides over bedrock and sediments (e.g., Tulaczyk 
et al., 2000). Subglacial meltwater lubricates the ice to enable sliding, which has 
resulted in the formation of ice streams (Hughes et al., 1977; Bentley, 1987). An 
additional self‑sustaining feedback can contribute to ice stream formation: warming 
of the bed due to dissipation of heat by incipient sliding (Hindmarsh, 2009; Man‑
telli et al., 2019), and the production of meltwater by frictional dissipation once the 
melting point is reached (e.g. Kyrke‑Smith et al., 2014, Schoof and Mantelli, 2021), 
although the details remain poorly understood (e.g. Mantelli and Schoof, 2019).

Ice shelf buttressing: The degree of buttressing of an ice shelf is set by (a) the 
lateral drag exerted on it by the sidewalls, where concentrated deformation leads to 
the formation of distinctive shear margins, and (b) the lateral and basal drag due to 
“pinning points” (localised topographic highs on the seafloor that come in contact 
with the base of the ice shelf (Figure 7.2; Goldberg et al., 2009). The amount of 
drag resulting from contact with sidewalls and pinning points or scales with contact 
area and friction. Long narrow ice shelves, such as Amery Ice Shelf, have negli‑
gible extensional stresses at the grounding line due to the large lateral shear from 
the margins (Pegler, 2016). However, for most ice shelves, stability is controlled 
primarily by compressive stresses between key pinning points (Still, 2018).

Although complete ice‑shelf removal has the strongest effect on buttressing (Sun 
et al., 2020), it can also be reduced through ice‑shelf thinning (Haseloff and Ser‑
gienko, 2018; Gudmundsson et al., 2019), with melting near the grounding zone and 
sidewalls having a large influence on buttressing and ice flow (Gagliardini et al, 2010; 
Reese et al, 2015). Buttressing can be lost gradually as the ice is thinned through 
ocean‑driven melting (Gudmundsson et al., 2019). More rapid reductions in buttress‑
ing can also occur if overall thinning or retreat via calving is sufficient to weaken or 
lose the compressive arch, or to cause loss of contact with a pinning point (Still et al., 
2019). Buttressing is also impacted by the weakening of shear margins through the 
formation of cracks (Macgregor et al., 2012) or melting (Alley et al., 2019).

Snowfall and surface melting: Snowfall is the only way the surface of the AIS 
gains mass. Surface mass budget (SMB) is the net result of mass gain, including pre‑
cipitation (solid and liquid), and mass loss, including surface melting, evaporation, 
sublimation and runoff (Lenaerts et al., 2019), and is influenced by atmospheric 
interactions, such as drifting snow and katabatic winds (Mottram et al., 2021). 
Snowfall that falls on the AIS compacts under its own weight into firn, which can 
be O (10–100) m thick. Surface melting is a less significant mass loss process for 
the AIS than for Greenland, and while it has been linked to ice‑shelf collapse on 
the Antarctic Peninsula (Scambos et al., 2004), it has not yet been detected to occur 
in large volumes upstream of the grounding zones anywhere in Antarctica. How‑
ever, 65,000 surface lakes were tallied in 2017, of which 60% were on ice shelves, 
many located just downstream of grounding zones (Stokes et al., 2019).

Surface melting on Antarctic ice shelves has been projected to double by 2050 
(Trusel et al., 2015), which has implications for ice‑shelf stability (Warner et al., 
2021; Kingslake et al., 2017; Bell et al., 2018). In the longer term, surface meltwater 
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could spread upstream of the grounding lines and ultimately may reach the bed 
through moulins, leading to faster ice‑sheet flow and influencing sub‑ice‑shelf 
ocean dynamics, a process that presently occurs in Greenland (Trusel et al., 2018). 
Recent studies suggest it is not just melt but also the ratio of melt over accumula‑
tion that matters to the SMB (Donat‑Magnin et al., 2021).

Basal melting and refreezing: Conditions that drive the ocean circulation in 
the ice‑shelf cavity and govern basal melt rates are a complex interplay between 
the shape of the cavity geometry, basal roughness and many types of processes 
in the ocean and external forcing (Dinniman et al., 2016; Adusumilli et al., 2020; 
Rosevear et al., 2024). Deeper ice that is in contact with seawater melts faster 
than shallow ice due to the pressure dependence on the freezing temperature of 
seawater (McDougall et al., 2014). Typically the deepest parts of an ice shelf are 
immediately adjacent to the grounded ice. Melting here steepens the surface of the 
ice flowing into the ice shelf and leads to a stronger reduction in buttressing than 
melting elsewhere (Gagliardini et al., 2010) and can drive feedback with ice flow 
leading to the evolution of basal channels (Dow et al., 2018; Section 2.2).

Generally, more melting occurs at depth which both cools and critically also 
freshens the ocean, forming ice shelf water that is therefore more buoyant and 
will ascend along the underside of an ice shelf. Basal melting of ice shelves may 
also be influenced by subglacial meltwater and associated sedimentation processes 
(Gwyther et al., 2023), and other oceanographic processes (e.g., tides, eddies, open 
ocean, sea ice and atmosphere processes). For some ice shelves, typically those 
with the deepest drafts, the rising meltwater can become supercooled – cooler 
than the local freezing point temperature of seawater – leading to the formation 
of marine ice. Marine ice is created by the accretion of frazil – small ice crystals 
that grow in seawater and can accrete to the ice base and directly refreeze to the 
ice shelf base (Lewis and Perkin, 1986; Galton‑Fenzi, 2012). Some ice shelves that 
fringe EAIS have significant marine ice that is thought to contribute to ice shelf 
stability (e.g., 9% by volume for Amery Ice Shelf; Fricker et al., 2001) that can 
potentially arrest the development of rifts (Khazendar et al., 2009).

Rifting and calving: Although ice flows like a viscous fluid over long‑time 
scales, on shorter timescales, it can also act like a brittle solid and fracture to form 
crevasses, which can extend vertically and horizontally. Once a crevasse has fully 
extended through the thickness of the ice, a rift forms, and the horizontal growth 
of such rifts can lead to large iceberg calving events (Benn et al., 2007). The initia‑
tion and propagation of crevasses and rifts thus control the calving behaviour of ice 
shelves; though this is a normal process in ice‑shelf mass loss, it also can influence 
ice‑shelf stability (e.g., Hulbe et al., 1998; Walker and Gardner, 2019; Bassis et al., 
2024).

Around half of the overall AIS mass loss occurs through iceberg calving (Greene 
et al., 2022), which is represented by a spectrum of sizes and time scales from the 
formation of large, tabular regular icebergs that occurs infrequently, to the produc‑
tion of many small and irregular icebergs that occurs more frequently (Bassis et al., 
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2024). Most iceberg calving is part of a natural cycle that balances episodic retreat 
of ice‑shelf fronts with gradual advance through ice flow. Rifts and crevasses fre‑
quently initiate where stresses in the ice are concentrated: along the margins of 
ice shelves and near pinning points. Although pinning points generally increase 
buttressing and decrease the flux of grounded ice, interaction with pinning points 
has been associated with ice‑shelf fracture following ice‑shelf thinning. Rifts that 
propagate from these locations can contribute to the loss of buttressing by weaken‑
ing the ice shelf even before an iceberg fully detaches (De Rydt et al., 2018). Rifts 
in Antarctic ice shelves can be filled with marine ice – ice that forms from the ocean 
beneath ice shelves ‑ or a mixture of snow, sea ice and blocks of ice (mélange) that 
has been hypothesised to provide different amounts of structural integrity (Hulbe 
et al., 1998; Khazandar et al., 2009). On some ice shelves, refrozen marine ice 
can heal rifts from below (Holland et al., 2009) leading to reduced fracturing and 
increased stability (Craw et al., 2023).

7.2.2 Feedbacks and Instabilities

The processes that affect mass balance are interconnected and can involve 
 mutually‑reinforcing feedbacks (Figure 7.2). The possibility of switching from 
mutually‑reinforcing to mutually‑suppressing feedbacks leads to the presence of 
“tipping points’’ in the ice sheet, where instability and dramatic change can be 
triggered at a critical threshold. For a cold, ocean‑terminating ice sheet like the 
AIS, retreat could be significantly influenced by the self‑reinforcing feedback 
processes known as the marine ice sheet instability (MISI) (Weertman, 1974; 
Thomas and Bentley, 1978) and the marine ice cliff instability (MICI) (Bassis and 
Walker, 2012; Crawford et al., 2021; DeConto and Pollard, 2016; Pollard et al., 
2015) (Figure 7.3). Both are characterised by the rate of mass loss increasing as 
the depth to the sea floor at the grounding line increases. This depth will progres‑
sively increase if the grounding line retreats across a reverse‑sloping bed – also 
known as a  retrograde bed – (Figure 7.3), leading to accelerating mass loss. The 
creep‑flow‑related mechanisms underlying MISI are relatively well understood. 
By contrast, the MICI conjecture relies on thresholds and rates that depend on pro‑
cesses controlling the fracture of ice, which are less well understood.

In ice‑sheet models, the flow‑geometry coupling can reverse MISI and stabilise 
the grounding line on a retrograde slope (Gudmundsson et al., 2012). This stabilis‑
ing effect hinges on there being a sufficiently long and narrow ice shelf with limited 
mass loss from basal melting. In the absence of calving, a retreat of the grounding 
line can then occur without a comparable retreat in the position of the calving front 
(the ice face at a glacier’s terminus), leading to a longer shelf with a stronger but‑
tressing effect (Schoof et al., 2017; Haseloff and Sergienko, 2018). Gomez et al. 
(2010a) suggested isostatic adjustment and changes in the geoid associated with 
grounding line retreat can further mitigate the onset of MISI, even on retrograde 
slopes. These nuances show that MISI – when it occurs – is not controlled solely 
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by the local geometry of the ice‑sheet bed but involves multiple feedbacks and 
processes that can mitigate runaway retreat.

MISI: Although initially controversial, it has since been shown that the sim‑
plified case of ice flow on a retrograde bed is always unstable (Weertman, 1974; 
Thomas and Bentley, 1978; Schoof, 2007a) until other factors, such as buttressing 
and changes in thermal properties, can complicate the potential feedback. This is 
because flux through the grounding line increases with the deviatoric stress and ice 
thickness (Schoof, 2007b; Figure 7.3a). In the absence of buttressing, this results 
in MISI, as stress at the grounding line, then also increases with ice thickness, 
and therefore (the ice being just afloat) with depth to the sea floor. In practice, 
ice shelves do exert buttressing and the geometry of the bed varies laterally and 

FIGURE 7.3  Feedbacks driving ice sheet evolution: (a) Marine Ice-Sheet Instability 
(MISI). (b) Marine Ice Cliff Instability (MICI).
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temporally, and the strength of buttressing is not simply dictated by external forc‑
ing but is coupled to the migration of the grounding zone.

MICI: If a grounded calving face is exposed after the loss of an ice shelf, 
ice‑cliff failure could initiate if the calving face extends past a threshold height 
above the sea surface (Figure 7.3b). That threshold corresponds to a point at which 
the calving face is not able to withstand stresses generated by the weight of the ice 
(Bassis and Walker, 2012). At its simplest, a stress threshold might be expected to 
cause an irreversible cascade of calving events once initiated: as soon one piece 
of ice has been removed by calving, thicker ice upstream is exposed producing a 
sequence of ever taller cliffs that results in a runaway collapse, known as MICI. 
Calving does not need to be instantaneous and a self‑sustaining retreat will only 
occur if newly‑exposed calving faces are not drawn below the threshold height by 
dynamic thinning caused by horizontal stretching (Bassis et al., 2021; Crawford 
et al., 2021).

There are no direct observations of MICI; therefore, there is large uncertainty 
in the threshold cliff height after which ice‑cliff failure will initiate, as well as the 
ensuing retreat rates. Existing attempts to quantify ice‑cliff retreat rates for the 
purpose of predicting future ice‑sheet evolution have either used parameterisations 
based on limited data (DeConto and Pollard, 2016) or calibration against synthetic 
results (Crawford et al., 2021). Recent studies are beginning to compare rates of 
retreat of calving cliffs that are close to the theoretical limit (e.g., Needell and Hols‑
chuh, 2023) to provide more empirical constraints on cliff failure.

7.3 Present State and Trends

Satellite estimates show that the AIS has been losing mass since the 1990s, and this 
loss is accelerating with time (Otosaka et al., 2023). Mass loss has been dominated 
by changes in WAIS (see Figure 7.4) (Smith et al., 2020). The latest study (Otosaka 
et al., 2023) has shown that for the period 1992–2020, ice loss from WAIS and 
the Antarctic Peninsula were 82±9 Giga‑tonnes per year (Gt yr−1) and 13±5 Gt yr−1, 
while EAIS had a small gain of 3±15 Gt yr−1. All recent studies agree on the trend 
of ice loss from WAIS and the Antarctic Peninsula, and on the rate of loss having 
increased since around 2006 (Rignot et al., 2019; Otosaka et al., 2023).

West Antarctica: Most research on processes that contribute to AIS mass loss 
has focused on WAIS (e.g., Rignot et al., 2014; Joughin et al., 2014). Satellite 
laser altimetry over grounded and floating ice (Smith et al., 2020) has shown that 
between 2003 and 2019, WAIS lost 76 ±49 Gt y−1 of floating ice and −169 ± 10 Gt−1 
of grounded ice (7.5 mm SLE). Basins that drain into the Amundsen Sea Embay‑
ment (Figure 7.1) have experienced dramatic changes (Figure 7.4a); here, the ice 
shelves are in contact with warm ocean waters and have experienced enhanced 
melting and thinning (Adusumilli et al., 2020; Smith et al., 2020) and grounding 
line retreat (Khazendar et al., 2015). Ice‑shelf thinning and grounding‑line retreat 
have led to reduced buttressing on the upstream grounded ice, and the dynamic 
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thinning has spread inland (Gudmundsson et al., 2019; Section 2). Accelerated ice 
flows of glaciers, such as Thwaites and Pine Island into the ocean (Smith et al., 
2020; Otasaka et al., 2022), are contributing to SLR. Because this drainage basin is 
vulnerable to MISI (Figures 7.1 and 7.3a), the onset of instability remains difficult 
to confidently determine at this time. Changes in processes have been triggered 
by this thinning: e.g., the floating portion of Pine Island Glacier has transitioned 
from a previously quasi‑stable cycle of advance and retreat at its calving front to a 
calving regime characterised by more frequent detachment of tabular icebergs and 
calving front retreat (Jeong et al., 2016). Similarly, portions of the Thwaites Glacier 
ice tongue underwent an abrupt change from a previously intact ice shelf into frag‑
mented remnants (Miles et al., 2020). Although ocean forcing has been implicated 
in these transitions, the changes to the Pine Island and Thwaites ice shelves were 
not predicted by models used to simulate ice‑sheet and ice‑shelf processes. This 
highlights that the processes leading to shelf fracture and disintegration remain 
poorly understood and must be a priority for future research.

East Antarctica: EAIS is estimated to be close to balance or even slightly posi‑
tive in its mass change (Martín‑Español et al., 2016; Smith et al., 2020; Otosaka 
et al., 2023). This is because mass losses from the ocean‑driven melt are com‑
pensated by increased snowfall over its large area (Smith et al., 2020; Otosaka 
et al., 2023; Figure 7.4a). Rignot et al. (2019) estimated an EAIS SLR contribution 
of 4.4 ± 0.9 mm from 1979–2009. Satellite laser altimetry for 2003–2019 (Smith 
et al., 2020) has shown EAIS gained a total of 90 ± 21 Gt y−1 of floating ice and 
106 ±29 of grounded ice (−4.0 mm SLE). There are regional differences in behav‑
iour within EAIS. Increases in snowfall are concentrated in Dronning Maud Land 
(Velicogna et al., 2014; Smith et al., 2020), while multiple studies measure ongoing 
mass loss from Wilkes Land since the mid‑2000s (Velicogna et al., 2014; Smith 
et al., 2020). Wilkes Land is susceptible to MISI and glaciers there are showing 
signs of change (Li and Dawson et al., 2023).

Since satellite observations began there have been major calving events from 
several ice shelves, but the record is short compared to the calving cycles. How‑
ever, for ice shelves with a more rapid calving cycle, recent observations point to 
the influence of ocean and atmospheric forcing on increasing calving rates, as is 
evident from retreat and terminus change at Pine Island (Bradley et al., 2022) and 
Thwaites Glacier (Seroussi et al., 2017). The influence of increasing atmospheric 
temperatures on calving, ice‑shelf stability and retreat has been particularly dra‑
matic in the Antarctic Peninsula, e.g., the 2002 collapse of the Larsen B Ice Shelf. 
Historic radar altimetry (which extends only to 72°S) suggests that changes in the 
Antarctic Peninsula began before 1992 (Fricker and Padman, 2012).

Over the past five years (2019–2023), ICESat‑2 observations have detected a 
change in the pattern and rate of snow accumulation (Fricker et al., 2020; Adusumilli 
et al., 2023). WAIS gained accumulation via several short‑period extreme events, 
driven by moisture‑laden atmospheric rivers, contributing 41% of the increases in 
height in 2019 (Adusumilli et al., 2023). The subsequent years, especially 2020 and 
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2021, displayed ongoing ice losses around the margins and gains in the interior. In 
2022, there was a large amount of snow accumulation and the surface mass balance 
anomaly reached +325 Gt (net mass gain of 290 Gt; Adusumilli et al., 2023). Spa‑
tial patterns indicated increased elevations, particularly over EAIS in Wilkes Land.

7.4 Future Projections and Deep Uncertainty

Projections of the future SLR contribution from the AIS are highly uncertain 
(Figure 7.5). Projections up to 2100 show that the AIS represents a relatively 
small fraction of SLR contribution, in the absence of rapid ice‑sheet collapse, but 
from 2100 to 2300 has the potential to be the dominant source of SLR. Recent 
projections for ice‑sheet evolution indicate a potential sharp acceleration in SLR 
towards the end of this century (Edwards et al., 2021), with high‑end scenarios 
indicating the small possibility that global SLR could exceed 1.5 m by 2100 (Fig‑
ure 7.5). This led to a new high‑end risk scenario being introduced with IPCC 
(2021) stating that a global rise “approaching 2 m by 2100 and 5 m by 2150 under 
a high greenhouse gas emissions scenario cannot be ruled out due to deep uncer‑
tainty in ice‑sheet processes”. Deep uncertainty occurs when experts and/or deci‑
sion makers do not know or cannot agree upon the system model relating actions 
to consequences or the prior probabilities on key parameters of the system model 
(Lempert and Collins, 2007). The large range of SLR projections confuses many 
efforts for coastal adaptation on century time scales (Dietz et al., 2022; Hirschfeld 
et al., 2023).

Large uncertainties in projections come from deficiencies in: (i) understand‑
ing of processes and feedbacks that influence ice‑sheet evolution (Seroussi et al., 
2024); (ii) knowledge of ice‑sheet and near‑ocean geometry and conditions (e.g., 
how the shape and evolution of the bed and presence of subglacial water and ocean 
melting can influence flow); and (iii) future climate model projections used as input 
to these simulations of ice‑sheet evolution (Li et al., 2023).

Future ice‑sheet behaviour subject to tipping points depends sensitively on initial 
conditions and climate forcing. This means that, even when the processes that control 
thresholds and tipping points are well understood, small changes in climate forcing 
or initial conditions can lead to large differences in projected SLR. This was demon‑
strated by Robel et al. (2019) for MISI, where simulations using the same ice‑sheet 
model subject to intrinsic variability in climate forcing resulted in a large distribu‑
tion of grounding line retreat rates and associated SLR. For processes like ice shelf 
collapse and MICI, which depend on poorly‑quantified thresholds, the uncertainty 
in outcomes is even larger as small changes in under‑observed parameters can lead 
to diverging results. Therefore, SLR projections are often treated probabilistically 
with the various thresholds and instabilities leading to substantial probabilities for 
more extreme outcomes in a “negatively skewed” distribution (Robel et al., 2019), 
providing what are actually unknown‑likelihood, but potentially high‑impact events 
(Figure 7.5).
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FIGURE 7.4  Antarctic mass loss: (a) Ice‑sheet thinning for grounded and floating ice 
between 2003 and 2019 estimated by differencing elevations from NASA’s 
Ice, Cloud and land Elevation Satellite (ICESat) and ICESat‑2 laser altim‑
eters (Smith et al., 2020). (b) Cumulative Antarctic mass loss compiled 
from 24 separate studies by the IMBIE team (adapted from Otosaka et al., 
2023); shading represents the associated uncertainties.
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Many processes occur in complex areas on spatial scales that are too small to 
be resolved by current satellite data; for example, observing ice‑shelf rifts (Walker 
et al., 2021), grounding zones (Freer et al., 2023) and melt rates in basal channels 
require high‑resolution observations of ice‑shelf height (Alley et al., 2016) and 
flexure (Rignot et al., 2024). One of the largest uncertainties remains the open 
question of how to appropriately represent the various processes through which 
calving occurs above and below the height threshold at which ice‑cliff failure 
might initiate (MICI).

There is significant variability in atmospheric and oceanic climate forcing 
used to drive models, and potential feedbacks remain poorly quantified (e.g., 
Hanna et al., 2024). For instance, since ice shelves play a buttressing role, 
ice‑sheet behaviour is prone to intrinsic variability driven by ocean melting of 
the ice shelves that can produce a pseudo‑steady state, advancing or retreating 
behaviour (e.g., Gwyther et al., 2018; McCormack et al, 2021). The ISMIP6 
project came to little consensus on the role of emission scenarios in driving 
ice‑sheet change because increased snowfall, particularly over EAIS, can sig‑
nificantly offset some of the expected increase in discharge. There is similar 
significant uncertainty in ocean forcing (Seroussi et al., 2020). The influence of 
these external processes on the  projected uncertainties seems to be as important 
as the influences of approximations in model physics and simulated ice evolu‑
tion (Seroussi et al., 2024).

FIGURE 7.5  Global SLR IPCC AR6 climate projections from 1990 to 2100 and 2300 
(metres relative to 1950; adapted from IPCC, 2021).
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7.5 Regional Sea Level Changes

AIS melting is expected to dominate global mean SLR in the coming centuries, 
but site‑specific sea level changes are very heterogeneous, and can be dominated 
by regional and local processes such as subsidence and coastal erosion in some 
areas. Local SLR (in addition to other factors such as changing storm frequency 
and strength) in turn can intensify the impact of extreme sea level and flooding 
events (IPCC, 2021). Here, we focus on characterising the spatially variable sea level 
changes associated with AIS evolution. Changes in the distribution of ice cover of 
the AIS cause spatially variable sea level changes that are often much higher or lower 
than global average sea level. The global pattern of sea level changes associated 
with AIS loss is primarily due to the effects of gravity, changes in Earth rotation and 
viscoelastic deformation of the solid Earth, often referred to as “gravitational, rota‑
tional and deformational (GRD) effects” (Farrell et al., 1976; Mitrovica et al., 2011; 
see Figure 7.6). The addition of meltwater to the oceans can also contribute to more 
localised spatial variability in sea level changes (Golledge et al., 2019).

Ice mass loss on timescales of years to centuries leads to a local drawdown of 
the geoid – the gravitational equipotential corresponding to the sea surface – and 
uplift of the solid Earth, which, combined, lead to a relative sea level fall within 
roughly 2000 km of the region of ice loss (Woodward, 1888; Mitrovica et al., 
2011). This sea level fall can be an order of magnitude or more larger than the 
global average SLR. Gravitational effects also lead to a greater than average rise at 
greater distances from the melting ice sheet. Crustal uplift beneath oceanic areas 
freed of marine‑based ice expels water out of the vicinity of the melting ice sheet 
further amplifying far‑field SLR, an effect termed “water expulsion” (Gomez et al., 
2010b). Water loading of the global oceans also deforms the solid Earth in the 
far‑field, adding to the spatial variability of the sea level change associated with the 
ice loss. Finally, the ice mass loss drives a shift in the Earth’s rotation axis towards 
the region of ice loss, and this, in turn, redistributes water in the oceans, acting 
to decrease relative sea level in quadrants of the Earth’s surface that approach 
the rotation axis and increase relative sea level in the other quadrants (Milne and 
Mitrovica, 1998).

Solid Earth deformation due to surface ice and ocean loading changes is in gen‑
eral viscoelastic, with a largely elastic response on short, years to centuries, time‑
scales and viscous flow of the Earth mantle towards isostatic equilibrium on longer 
timescales (Peltier, 1974). Viscous deformation depends on the thickness of the 
lithosphere and viscosity of the Earth’s mantle. Viscosities are variable across rela‑
tively short spatial scales and much lower in some areas (e.g., Barletta et al., 2018; 
Lloyd et al., 2020), leading to viscous uplift in response to ice unloading occurring 
on timescales of years to decades in some areas rather than the more typical mil‑
lennial and longer timescales. Substantial uncertainty remains in the structure and 
associated response of the solid Earth in Antarctica, with implications for ice mass 
loss estimates (IPCC, 2021).
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Global sea level patterns due to recent and future ice loss: Sea level changes 
due to ice loss from the AIS combine with the effects of Greenland ice loss, resulting 
in up to about 30% greater than average SLR in mid‑ to low‑latitude regions by the 
end of the century (Golledge et al., 2019; Figure 7.5). However, much greater local 
SLR amplification can occur in some areas on decadal timescales when more local‑
ised patterns of ice cover changes drive constructive interference between GRD 
effects (Roffman et al., 2023). The global pattern of SLR away from the ice sheets  

FIGURE 7.6  Antarctic Ice Sheet deglaciation impacts on regional sea level changes: 
(a) Pattern of sea level factor at 2100 under RCP4.5 – the mid‑level 
future emissions estimates (adapted from Sadai et al., 2022): e.g., a fac‑
tor of 1.2 indicates SLR 1.2 times the global mean. (b) Schematics of the 
physical effects causing the spatial variability in sea level changes in (a): 
left –  gravitational effects on the sea surface and deformation of the solid 
Earth; right – the effects of Earth rotational changes (adapted from White‑
house et al., 2018).
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is significantly more sensitive to the geometry of Antarctic ice loss than to that of 
Greenland ice, loss due to its location on the rotation axis. Uncertainty in projec‑
tions of AIS ice loss (Seroussiet al., 2020) in turn leads to uncertainty about the 
projected regional patterns of sea level changes (Roffman et al., 2023).

WAIS ice loss produces SLR peaks greater than 30% higher than the global average 
along North American coastlines and in the Indian Ocean (e.g., Gomez et al., 2010b; 
see Figure 7.6a), while SLR peaks due to EAIS melting are shifted relative to the 
WAIS case to the North Pacific and South Atlantic Oceans, mainly due to rotational 
effects. Some coastal areas will experience larger impacts of SLR at lower levels of 
warming than other areas, highlighting the climate injustice implications of global 
mean temperature targets (Sadai et al., 2022). For example, Small Island Nations, 
which are already experiencing SLR impacts, are expected to see a greater than aver‑
age rise associated with AIS loss in the future regardless of the ice‑sheet model pro‑
jection and level of future warming (Roffman et al., 2023; see Figure 7.6). Multiple 
decades of far‑field sea level measurements are required to detect the contribution of 
recent ice loss to global sea level above natural variability and ocean dynamic effects 
(Kopp et al., 2010), and have only recently begun to be detected in sea surface altim‑
etry and tide gauge records (e.g., Moreira et al., 2021). Earlier detection is possible in 
the near‑field of the ice sheets where the signal is larger and detection will improve 
with longer and more near‑field records as ice mass loss accelerates.

7.6 Summary and Future Research Directions

The AIS is the largest body of ice on Earth, and it will continue to have a profound 
influence on sea level and Earth’s climate. We have provided a review of how we 
expect Antarctica to contribute to sea level in the coming decades and beyond, 
what we understand from trends in behaviour since the 1990s and what we cur‑
rently think to be the most important processes and behaviours that should continue 
to be the focus of future scientific research to best constrain uncertainty in projec‑
tions of the future behaviour of the AIS.

We set out to explore the questions posed in the introduction and here, in sum‑
mary, we present the following approaches that we have identified as necessary to 
ensure progress:

Processes: Integration between new observations, simulations and laboratory 
experiments is needed to evaluate and constrain models of key processes, including 
buttressing, sliding dynamics, subglacial water behaviour, basal melting and freez‑
ing of ice shelves, ice rheology and the influences of impurities, the formation and 
evolution of features such as ice shelf rifts and basal channels, surface mass budget 
processes, solid Earth processes and processes that govern the far‑field impacts of 
SLR. Work is also needed to understand processes driving both temporal variabil‑
ity (Hanna et al., 2024), and AIS tipping‑points, including those that cause shelf 
fracture and disintegration. (Winkelmann et al., 2023)

Modelling: Planning requires credible projections based on physical ice‑sheet 
and climate models. The most significant uncertainties in projections of ice‑sheet 
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evolution are associated with climate forcing and the fidelity of present  ice‑sheet 
models to represent key physical processes. Uncertainty estimates can only be rea‑
sonably achieved by examining large suites of possible future outcomes. Continued 
development of state‑of‑the‑art models is therefore critical to combine advanced 
process understanding with observations. This will lead to useful simulations that 
can guide and aid interpretation of measurements and provide future projections 
with substantially constrained uncertainties.

Observations: Targeted high‑resolution observations of the AIS and surround‑
ing oceans, sea ice, atmosphere (climate) and solid Earth are critical to refine 
the understanding of processes for modelling, fill in gaps in maps of bedrock 
and ice‑sheet shape and assess the state of the ice sheet and cavities beneath the 
ice shelves. Long‑term monitoring of key locations of the AIS and bedrock and 
sea level in the Southern Ocean are critical to provide enhanced confidence in 
 present‑day trends and associated contributing processes. The EAIS, specifically 
the Wilkes and Aurora subglacial basins, must be a focus of future activity.

Coordinated science: Concerted system‑scale approaches are needed to link 
together the different components that are often studied individually, given the 
critical feedbacks and interconnected processes we have identified. Sustained and 
coordinated effort is key to make the best use of resourcing with multi‑national 
collaborations to pool expensive logistics resources. The pathway to improvements 
needs complementary use of field, satellite, laboratory and simulations, which is 
presently underutilised (Cook et al., 2022, Gwyther, 2018). The approach can be 
used to prioritise research focus needed to make progress on constraining future 
contributions from the AIS to SLR within the next decade.

The substantial uncertainty in the AIS contribution to future SLR, especially 
the deep uncertainty under high‑end warming, presents a delicate challenge for 
coastal planning efforts (Kopp et al., 2023; van de Wal, 2022), which use widely 
varying SLR projections in adaptation decisions (Hirschfeld et al., 2023). For 
many applications, the deep uncertainty is dominated by the social environment 
when decision makers and stakeholders do not agree on the likelihood and mag‑
nitude of future scenarios. Scientific uncertainties are typically much smaller 
than the uncertainties associated with socio‑economics and appropriate decision 
making frameworks. Constraining the deep uncertainty to enable adaptive plan‑
ning and decision making must therefore involve all stakeholders – funding bod‑
ies, scientists, planners and policy‑makers – to ensure ongoing advances in ice 
sheet and sea level science are made for society to be able to adapt and react to 
future change.
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