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Abstract Ice sheet behavior is strongly inﬂuenced by the bed topography. However, the effect of the
progressive temporal evolution of Antarctica's subglacial landscape on the sensitivity of the Antarctic Ice
Sheet (AIS) to climatic and oceanic change has yet to be fully quantiﬁed. Here we investigate the
evolving sensitivity of the AIS using a series of data‐constrained reconstructions of Antarctic
paleotopography since glacial inception at the Eocene‐Oligocene transition. We use a numerical ice sheet
model to subject the AIS to schematic climate and ocean warming experiments and ﬁnd that bed
topographic evolution causes a doubling in ice volume loss and equivalent global sea level rise. Glacial
erosion is primarily responsible for enhanced ice sheet retreat via the development of increasingly low‐lying
and reverse sloping beds over time, particularly within near‐coastal subglacial basins. We conclude that
AIS sensitivity to climate and ocean forcing has been substantially ampliﬁed by long‐term landscape
evolution.
Plain Language Summary The Antarctic Ice Sheet is situated above a large landmass, the
geometry of which is an important control on the behavior of the ice sheet and how it responds to
climatic change. However, Antarctica's subglacial landscape has evolved signiﬁcantly since the formation of
the ﬁrst ice sheets approximately 34 million years ago, which implies that the sensitivity of the ice sheet to
climate change may also have changed over time. Our ice sheet model experiments show that the
progressive evolution of Antarctica's bed topography has enhanced the sensitivity of the Antarctic Ice Sheet
to climate and ocean warming, meaning that a greater volume of ice is lost for a given warming scenario
when using the modern topography compared to past topographies. In particular, the lowering of bed
elevations by glacial erosion has caused a notable increase in ice sheet sensitivity within subglacial basins
close to the ice sheet margin.

1. Introduction
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The future behavior of the Antarctic Ice Sheet (AIS; Figure 1) in a warming climate is a key uncertainty in
projecting global sea level rise over the course of the current century and beyond. The modern AIS contains a
volume of ice equivalent to ~57.9 m of global sea level rise, of which ~5.30 m is located within the West
Antarctic Ice Sheet (WAIS) and ~52.2 m within the East Antarctic Ice Sheet (EAIS; Figure 1) (Morlighem
et al., 2020). Of major importance is the observation that ~45% of the modern‐day grounded AIS ﬂows over
bed that lies below sea level, including the majority of the WAIS and approximately one third of the EAIS
(Figure 1) (Fretwell et al., 2013). These regions are believed to be susceptible to dynamic marine ice sheet
instability processes in locations where the bed deepens inland and the ice sheet may ultimately undergo
rapid retreat (Mercer, 1978; Schoof, 2007; Thomas, 1979). Projections of the likely contributions of WAIS
and EAIS retreat to global sea level rise over the coming century are derived from process‐based numerical
ice sheet model and range from a few centimeters to 1 m by the year 2100 (DeConto & Pollard, 2016;
Edwards et al., 2019; Golledge et al., 2015).
Uncertainties in the projected rate and magnitude of future sea level change arise for two main reasons. First,
different ice sheet models deploy different physical mechanics, boundary conditions, and parameterizations,
in particular the model physics pertaining to the processes associated with marine instabilities such as ice
shelf hydrofracture and ice cliff failure (Edwards et al., 2019; Pollard et al., 2015). Second, models are often
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Figure 1. Present‐day ice sheet surface and bed elevation of Antarctica. (a) AIS surface elevation relative to mean sea level (Slater et al., 2018). Black lines denote
the modern grounding line and ice calving front. Red dashed line delineates the boundary between ice sheet drainage basins of the EAIS and the WAIS, as deﬁned
by the ice sheet mass balance intercomparison exercise (IMBIE) (Rignot et al., 2019). Yellow outlines mark areas of ice underlain by major subglacial basins
situated below sea level. (b) Modern bed elevation of Antarctica relative to mean sea level (Paxman et al., 2019). The bed elevation grid is based on the Bedmap2
compilation (Fretwell et al., 2013) with the addition of more recently acquired ice thickness data in regions of previously limited coverage, such as the
Pensacola‐Pole Basin (Forsberg et al., 2018; Jordan et al., 2018). Approximately 45% of the bed below grounded ice is presently situated below sea level (Fretwell
et al., 2013), including the extensive Recovery, Wilkes, and Aurora subglacial basins in East Antarctica.

evaluated with recourse to their ability to reproduce past ice sheet behavior and sea level change, in particular
during warmer climate intervals, as constrained by geological and oceanographic evidence (Cook et al., 2013;
Wilson et al., 2018; Young et al., 2011). Uncertainties and ambiguities associated with the geological proxies
translate into uncertainties in projections of future ice sheet behavior (Oppenheimer et al., 2019).
A robust understanding of past AIS behavior is central to improving conﬁdence in projections of future ice
sheet contributions to global sea level rise. However, numerical models of past AISs have been restricted by a
lack of knowledge of the temporal evolution of the bed topography, a boundary condition that exerts a fundamental inﬂuence on ice sheet dynamics (Gasson et al., 2015). The potential importance of changes in
Antarctic bed topography for long‐term ice sheet behavior has been previously noted (Colleoni et al., 2018;
Gasson et al., 2016). These studies examined AIS dynamics at a single snapshot in time (the mid‐Miocene)
using an interpolation between an early reconstruction of paleotopography for the Eocene‐Oligocene
boundary (ca. 34 Myr ago) (Wilson et al., 2012) and the modern topography. However, Colleoni et al. (2018)
noted that a lack of robust past topographic reconstructions results in a shortcoming in our understanding of
the AIS response to past climatic evolution. Here, we seek to address this issue by quantifying the progressive
change in AIS sensitivity due to topographic changes since AIS inception at the Eocene‐Oligocene boundary
using robustly constrained time‐evolving reconstructions of past Antarctic topography that incorporate physical processes including erosion, tectonics, and isostatic feedbacks (Text S1 in the supporting information)
(Paxman et al., 2019). Our aim is to quantify the progressively changing sensitivity of the AIS to climate and
ocean forcing in an ice sheet model as a function of the evolving topography.

2. Methods
To investigate the inﬂuence of Antarctica's long‐term bed topography evolution on AIS behavior, we performed ice sheet simulations using a numerical model with hybrid ice ﬂow dynamics and formulations
for marine ice shelf hydrofracture and ice cliff failure (Text S2) that has been used to model past, present,
and future AISs (DeConto & Pollard, 2016; Gasson et al., 2016; Pollard et al., 2015).
PAXMAN ET AL.
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The boundary conditions used in the ice sheet simulations were a modern bed topography data set recently
updated to incorporate bed elevation data acquired since the Bedmap2 compilation (Fretwell et al., 2013;
Paxman et al., 2019) (Figure 1) and four recently reconstructed paleotopographies (Figure S1) pertaining to
the mid‐Pliocene warm period (ca. 3.5 Ma), mid‐Miocene climate transition (ca. 14 Ma), Oligocene‐Miocene
boundary (ca. 23 Ma), and Eocene‐Oligocene boundary (ca. 34 Ma) (Paxman et al., 2019). These four time
intervals correspond to periods of signiﬁcant climatic and glacial change in Antarctica (Miller et al., 2020)
and represent periods of warmer climate and elevated atmospheric CO2 concentrations that have been used
as analogs for future climate conditions (Burke et al., 2018; Gasson et al., 2016; Levy et al., 2016; Naish
et al., 2001). The paleotopographies were reconstructed using geophysical methods and constrained using
a range of independent geological data (Text S1) (Paxman et al., 2019). To examine the effect of the uncertainties associated with the paleotopographies, we ran our simulations on the “minimum,” “median,” and
“maximum” reconstructions of Paxman et al. (2019) (Text S1) for each time interval. For simplicity, results
displayed in this study pertain to the median paleotopographies, with the minimum and maximum models
used to deﬁne error bounds where applicable.
For each bed topography, we performed the same three ice sheet‐climate simulations (Text S3). The ﬁrst
involved the growth of an ice sheet on ice‐free bed under “colder climate” conditions with preindustrial
atmospheric CO2 concentrations of 280 parts per million (ppm). The second involved the subsequent deglaciation of this ice sheet by changing to “warmer climate” conditions, involving a shift in orbital parameters
(Text S3), an instantaneous increase in CO2 concentrations to 500 ppm, and a uniform 5°C of ocean warming. The third simulation was identical to the second, but with an increase to “high CO2” concentrations of
840 ppm. Warming experiments with a lower ocean warming of 2°C were also performed to assess the
impact of ocean temperatures on modeled ice volume loss (Text S3). We ran the simulations for 10 kyr, by
which point quasi‐steady‐state conditions were reached, and extracted the modeled ice sheet conﬁguration,
volume, and sea level equivalent. The sensitivity of the modeled ice sheet extent to ocean and climate perturbations is inﬂuenced by the particular physics of the ice sheet model. The model includes ice cliff failure
and ice shelf hydrofracture (Text S2), which are recently proposed mechanisms for enhancing rapid marine
ice sheet retreat (Pollard et al., 2015) that may be required to reproduce past sea level variability (DeConto &
Pollard, 2016). These processes remain controversial (Clerc et al., 2019; Edwards et al., 2019; Robel &
Banwell, 2019), and the retreat rate caused by marine ice cliff instability is poorly constrained. We therefore
present ice sheet model results with and without these processes included.
We emphasize that the climate conditions used in these simulations are not intended to represent “true” climates that correspond to the speciﬁc ages of each paleotopography. The models are therefore not intended to
reproduce “real” ice sheet conﬁgurations for any particular time interval but instead to assess the sensitivity
of steady‐state AIS extent and volume to the progressive evolution of bed topography in a widely used ice
sheet model.

3. Results
3.1. Impact of Bed Topography on Ice Volume Loss
The simulations reveal that the amount of ice sheet thinning and retreat in response to climate and ocean
warming shows a strong dependence on the bed topography (Figure 2). As the bed topography evolves
from its ca. 34 Ma conﬁguration to that of the present day, there is a systematic increase in the magnitude
of AIS retreat and thinning that occurs in response to climate and ocean warming (Figure 2). In the
warmer climate simulations, the topographically induced differences in modeled surface elevation/ice
thickness within the Wilkes, Aurora and Recovery subglacial basins of East Antarctica are up to 3 km
(Figures 2, 3, and S2). These subglacial basins have experienced signiﬁcant (1–2 km) decreases in
elevation since ca. 34 Ma (Figure S1). Modeled surface elevation and ice thickness differences in the interior of East Antarctica, where the landscape has remained relatively unmodiﬁed (Figure S1), are comparatively minor (<500 m) (Figures 2 and 3). The WAIS is almost entirely lost in both the 500 and 840 ppm
deglaciation experiments (Figure 2) and does not evolve signiﬁcantly in response to the lowering of
West Antarctic bed topography by ~1 km since ca. 34 Ma (Figure S1).
The total warming‐induced ice volume loss increases from 4.3 × 106 km3 for the ca. 34 Ma topography to 6.1
× 106 km3 for the modern topography for the 500 ppm simulation (Figure 4a), and from 4.3 × 106 km3 to 9.7
PAXMAN ET AL.
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Figure 2. Ice sheet sensitivity to bed topography. The upper row (panels a–e) shows an ice sheet grown under a colder climate (pCO2 = 280 ppm) on the four
reconstructed median paleotopographies and the modern topography. The middle row (panels f–j) shows the ice sheet elevation on the same topographies
following climate and ocean warming (pCO2 = 500 ppm; 5°C ocean temperature rise). Proﬁles A‐A′, B‐B′, C‐C′, and D‐D′ are shown in Figure S2. The lower row
(panels k–o) shows the ice sheet elevation following climate and ocean warming with a larger increase in pCO2 to 840 ppm. Modeled total ice sheet volumes
3
(in km ) are given in each panel.

× 106 km3 for the 840 ppm simulation (Figure 4c; Table S1). The additional ice volume losses of 1.8 × 106 km3
and 5.4 × 106 km3 are equivalent to a global mean sea level rise of 2.6 and 10 m for the 500 and 840 ppm
simulations, respectively (Figures 4b and 4d; Table S1; Text S2). The range of modeled ice volume loss
between the minimum and maximum paleotopographies is largest for the oldest time slices (up to ~25%
of the total; Figure 4), since these reconstructions are associated with the greatest uncertainty (Paxman
et al., 2019). However, the trend of increased volume loss with the evolution of topography is consistently
borne out despite this uncertainty (Figure 4).
Accounting for the difference in timespan between the different paleotopographies, the ice volume loss from
the EAIS increases approximately linearly with the progressive evolution of topography for both the 500 and
840 ppm warming experiments (Figure 4). Differences in AIS volume loss between the 3.5 Ma and modern
topographies are comparatively small, even showing a small decrease of 0.1 × 106 km3 between these topographies in the 500 ppm simulation (Figure 4a). This decrease is caused by localized differences in interior
ice thickness between the near‐identical 3.5 Ma and modern topographies (Figure S1; Table S1). Although
the volume lost from the WAIS appears to decrease with the evolution of the bed topography (Figure 4), this
reﬂects a reduction in initial colder climate WAIS volume rather than a reduction in sensitivity to climate
and ocean warming (Figure S3). Accounting for the fact that the initial ice sheets have different volumes
(Figure S3), the proportion of the initial ice volume that is lost in the 840 ppm simulations shows a progressive increase from 13.5% (ca. 34 Ma) to 39.0% (modern) (Figure S4).
PAXMAN ET AL.
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Figure 3. Dependence of modeled ice thickness on subglacial topography. (a) Difference in modeled ice thickness under
warmer climate (pCO2 = 500 ppm; 5°C ocean temperature rise) conditions between the simulations using the
modern topography and the median Eocene‐Oligocene boundary topography. (b) Difference in modeled ice thickness
under high CO2 (pCO2 = 840 ppm; 5°C ocean temperature rise) conditions between the simulations using the
modern topography and the median Eocene‐Oligocene boundary topography. Positive values indicate thicker ice on the
modern topography; negative values indicate thinner ice on the modern topography. White areas indicate absence of ice
for both topographies.

There was negligible additional loss of ice volume when pCO2 was increased to 840 ppm compared to
500 ppm for the ca. 34 and ca. 23 Ma topographies (Figure 4; Table S1). By contrast, the ca. 3.5 Ma and modern topographies showed a more appreciable difference in ice volume loss of up to 4.0 × 106 km3 between the
two warmer climate simulations, which is largely sourced from the EAIS (Figure 4; Table S1). For the older
topographies, this lack of sensitivity arises because ice surface accumulation and loss via surface/basal melt
and calving remain closely balanced after this additional pCO2 increase (see section 3.2).
3.2. Mechanisms of Ice Volume Loss
In the warmer climate experiments, ice mass loss is driven primarily by marine ice cliff instability in regions
of reverse‐sloping bed, as well as calving and subice shelf melt (Figure S5). Up to 1,000 km of additional
retreat of the ice margin into low‐lying subglacial basins around the East Antarctic coast (Figures 2, 3,
and S2) is enabled largely due to the enhanced marine instability caused by ice shelf hydrofracture and
ice cliff failure. We found that 2°C of ocean warming resulted in very similar ice volume losses to the 5°C
simulations, suggesting that 2°C of ocean warming combined with marine ice sheet instability is sufﬁcient
to cause the majority of the observed ice retreat. When these processes are switched off in the model
(Figure S6), the shift to warmer climate (pCO2 = 500 ppm) conditions causes an increase in ice volume of
0.9 × 106 km3 for the ca. 34 Ma topography (due to increased surface accumulation exceeding ice mass loss;
Figure S5). As the topography evolves toward the modern conﬁguration, this small ice volume increase progressively shifts to an ice volume loss of 2.6 × 106 km3 (Table S2).
The magnitudes of ice volume loss in the simulations that do not incorporate ice shelf hydrofracture and ice
cliff failure are ~70% lower than the equivalent simulations that do include these processes. However, the
relative increase in ice sheet sensitivity to climate and ocean forcing (and resulting additional volume loss)
as the bed topography evolves toward its modern conﬁguration is still observed (Table S2; Figure S6). While
the most appropriate model physics for simulating ice sheet retreat under climate and ocean warming conditions remains debated (DeConto & Pollard, 2016; Edwards et al., 2019), the key ﬁnding of our study is that
PAXMAN ET AL.
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Figure 4. Ice volume loss and equivalent sea level rise in response to modeled climate and ocean warming for different
bed topographies. (a) Ice volume lost following a change from colder climate (pCO2 = 280 ppm) to warmer climate
(pCO2 increased to 500 ppm; 5°C ocean temperature rise) conditions on the different topographies. (b) Sea level
equivalent of the ice volume lost shown in panel a. (c) Ice volume lost following a change from colder climate
(pCO2 = 280 ppm) to high CO2 (pCO2 increased to 840 ppm; 5°C ocean temperature rise) conditions on the different
topographies. (d) Sea level equivalent of the ice volume lost shown in panel c. Ice volumes and sea level equivalents
are separated into EAIS (blue) and WAIS (red) components. Bars situated below zero indicate a growth in ice volume and
sea level equivalent. Colored bars show ice volumes and sea level equivalents for the median paleotopographies; vertical
error bars show the total AIS ranges for the minimum and maximum end‐member paleotopographies. Abbreviations:
EOB = Eocene‐Oligocene boundary; OMB = Oligocene‐Miocene boundary; MMCT = mid‐Miocene climate transition;
MPWP = mid‐Pliocene warm period.

changes in ice volume induced by simulated climate and ocean warming are strongly sensitive to, and
modulated by, the bed topography boundary condition imposed upon the ice sheet model.

4. Discussion
Our results demonstrate that as the bed topography of Antarctica evolves from its early geometry toward
modern‐day elevations, the simulated AIS becomes progressively more sensitive to climate and ocean forcing. In our deglaciation experiments, this increased AIS sensitivity is expressed in terms of (a) a doubling
in the total magnitude of ice volume loss (Figure 4) and (b) a threefold increase in the proportion of the
initial ice volume that is lost in the “high CO2” (840 ppm) simulations (Figure S4) when switching from
the ca. 34 Ma topography to the modern topography. We note that our simpliﬁed experiments examine
the steady‐state ice sheet response to climate and ocean warming rather than transient behavior. Since
the transient response has important implications for the rates of ice mass change (Stap et al., 2019), we highlight this as an important target for future ice sheet modeling studies using these paleotopographies.
Furthermore, while we have focused on the effects of long‐term continental‐scale landscape evolution on
AIS behavior, we note the potential importance of (i) smaller‐scale variability in bed topography such as
the presence of bedrock “bumps” or pinning points (Fürst et al., 2015; Matsuoka et al., 2015) and (ii)
PAXMAN ET AL.
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shorter‐term processes such as glacial isostatic adjustment (Barletta et al., 2018; Kingslake et al., 2018) for
modifying ice sheet stability.
It was also recently demonstrated that continental shelf evolution has increased AIS sensitivity to climatic
change (Colleoni et al., 2018). Because the topographic reconstructions used herein constrain
continent‐wide erosion, tectonics, and isostasy, we can further expand on this previous study and begin to
assess the relative importance of these processes in controlling the time‐evolving sensitivity of the AIS to climate and ocean forcing.
In our model experiments, EAIS volume loss is largely sourced from the Wilkes, Recovery, and Aurora subglacial basins and is primarily driven by ocean warming‐induced marine ice cliff instability processes
(Figures 2, 3, and S5). By comparing the processes responsible for landscape evolution within these basins
(Paxman et al., 2019) to the patterns of modeled ice sheet retreat, we note that glacial erosion is primarily
responsible for the additional retreat of the EAIS margin on the “younger” paleotopographies, with the
effects of erosion partially offset by the consequent ﬂexural uplift (Figure S7). We therefore attribute the
observed increase in EAIS sensitivity within the near‐coastal Wilkes, Recovery, and Aurora subglacial basins
to the increase in the fraction of bed situated below sea level, and in particular the development and steepening of reverse bed slopes, driven by progressive erosion of the bed over geological time (Figure S1; Table S1).
These subglacial basins have been highlighted as potentially key contributors to EAIS volume loss and sea
level rise both in the past (Aitken et al., 2016; Cook et al., 2013; Young et al., 2011) and in the future
(DeConto & Pollard, 2016; Golledge et al., 2017). Our results indicate that the long‐term evolution of
Antarctica's bed topography since ca. 34 Ma has contributed signiﬁcantly to the enhanced sensitivity of these
regions of the EAIS to climate and ocean forcing.
Although the three East Antarctic subglacial basins mentioned above appear to show a similar relationship
between glacial erosion and increased ice sheet sensitivity, differences are observed in the spatial patterns of
ice margin retreat. In the Recovery Basin, the ice margin preferentially retreats within a series of linear subglacial trough systems while ice persists on the adjacent highlands (Figure 2), whereas the Wilkes and
Aurora Subglacial Basins exhibit more spatially uniform ice margin retreat (Figure 2). These contrasting patterns of retreat likely reﬂect the differing topographic and tectonic structure of the basins. The relief of the
Recovery Basin is controlled by fault systems that separate deep subglacial troughs from linear highlands
(Paxman et al., 2017) and appear to focus ice sheet retreat (Figure 2). By contrast, the Wilkes and Aurora
Subglacial Basins are broader structures formed during, and subsequently inﬂuenced by, the long‐term
Proterozoic‐Phanerozoic tectonic evolution of East Antarctica (Aitken et al., 2014; Ferraccioli et al., 2009).
This illustrates how AIS behavior can be inﬂuenced by the geomorphic processes that have acted to modify
the subglacial landscape since ice sheet inception and also by the preexisting crustal structure that has been
established over the course of Antarctica's geological history.
In our ice sheet models, the time‐evolving change in ice sheet sensitivity is primarily observed in the EAIS
rather than the WAIS. In the West Antarctic Rift System, thermal subsidence has, alongside erosion, played
a signiﬁcant role in the lowering of bed elevations (Figure S7) (Wilson & Luyendyk, 2009), but the complex
interplay between mantle dynamics, crustal deformation, thermal effects, erosion, sedimentation, and isostasy remains poorly constrained in paleotopography models due to a paucity of geological data. This in turn
makes interpreting past WAIS dynamics particularly challenging. Ongoing and future acquisition of geophysical data sets (e.g., Tinto et al., 2019) and geological data from ocean and subice drilling (e.g., Coenen
et al., 2020) may lead to signiﬁcant advances in our understanding of the geological and topographic evolution of West Antarctica beyond what is currently captured by continental paleotopography models. Indeed,
the ice sheet model results presented in this study highlight the importance of robust paleotopographic
reconstructions for understanding past AIS behavior and sensitivity and continued improvement of these
reconstructions through acquisition of datasets proximal and distal to the Antarctic continent is an
important priority for future research.

5. Conclusions
We conclude that the sensitivity of the AIS to climate and ocean forcing has substantially increased as a
result of the long‐term evolution of Antarctica's subglacial landscape since ice sheet inception at the
Eocene‐Oligocene boundary (ca. 34 Ma). Furthermore, our ﬁndings highlight the role of bed topography
PAXMAN ET AL.
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as a control on ice sheet behavior and demonstrate the importance of using a realistic suite of reconstructed
paleotopographies to model past AISs and associated sea level changes with increased conﬁdence. Our
results also underline the importance of the low‐lying Recovery, Wilkes, and Aurora subglacial basins of
East Antarctica as potential areas of signiﬁcant past and future ice volume loss (Cook et al., 2013;
DeConto & Pollard, 2016; Golledge et al., 2017). The lowering of bed elevations within these basins has primarily been caused by the removal of material by glacial erosion (Jamieson et al., 2010; Paxman et al., 2019).
The development of a bed geometry that ampliﬁes the sensitivity of the AIS to climate and ocean forcing, and
thereby its vulnerability to retreat, has therefore been driven largely by the ice sheet itself, suggesting that the
AIS has become a victim of its own efﬁcacy in shaping the underlying landscape.

Data Availability Statement
All paleotopographic reconstructions used in this study are available online (at https://doi.org/10.1016/j.
palaeo.2019.109346). Ice sheet model outputs are available at the NERC/BAS Polar Data Centre (https://
doi.org/10.5285/D67A07A8‐BECC‐419D‐99F7‐5578928461CA).
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