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Abstract Recent ice sheet mass loss in Antarctica has been attributed to an influx of warm ocean
waters, which drove grounding-line retreat and ice thinning. Episodic retreat and rapid thinning also
occurred in the southwestern Ross Sea during the Holocene, which today accommodates cold ocean
waters. We applied finite element ice-flow modeling to investigate the roles of ocean temperature and bed
topography in the deglaciation of this region. First, our experiments demonstrate that bed topography
controlled the spatial pattern of grounding-line retreat. Topographic pinning points limited the rate of ice
loss until retreat progressed beyond a bathymetric threshold. Second, ocean thermal forcing determined
the timing of this ice loss. Enhanced ocean-driven melt is required during the Early-to-Mid Holocene to
replicate geological records of deglaciation, possibly indicating that warm ocean waters were once present
in this region. On multi-centennial timescales, ocean temperature drove, while bed topography controlled,
nonlinear rates of ice mass loss.
Plain Language Summary

Parts of the Antarctic Ice Sheet are currently losing mass at an
accelerating rate. The main cause is considered to be warming ocean waters, which melt the underside of
floating ice shelves, initiating retreat and inland thinning of the ice sheet. Future ice loss will depend on
when and where ocean warming occurs, and how the ice sheet responds. However, modern observations
are too short to fully assess the effects of these processes. We use a state-of-the-art numerical ice-flow
model to investigate the roles of ocean warming and bedrock geometry during a period of accelerated
ice sheet thinning in the recent geological past. We find that seafloor mounts and banks helped to slow
down the rate of ice sheet retreat. Once the grounded ice became detached from these parts of the
bedrock, retreat accelerated across areas of deeper water, causing rapid inland thinning of the ice sheet.
Crucially, we also find that this period of past rapid thinning was initiated by an enhanced rate of ocean
warming. This work highlights that key processes governing modern and future ice sheet mass loss—
ocean warming and feedbacks associated with bedrock geometry—occurred in the past on timescales of
centuries to millennia.

1. Introduction
The Antarctic Ice Sheet has been losing mass at an accelerating rate over recent decades (Rignot et al., 2019;
Shepherd et al., 2018), coincident with grounding-line retreat and associated inland thinning (Konrad
et al., 2018; McMillan et al., 2014). The primary cause of this ice loss is considered to be the thinning of
ice shelves by ocean-driven basal melt (Gudmundsson et al., 2019; Rignot et al., 2013; Smith et al., 2020).
Future ice loss beyond this century will likely occur from a combination of thinning ice shelves and topographic feedbacks as grounding lines retreat into basins that lie below sea level (DeConto & Pollard, 2016;
Golledge et al., 2015; Meredith et al., 2019). Despite an improved capability of models to simulate the processes controlling retreat, significant discrepancies in projections remain (Oppenheimer et al., 2019). A
better understanding of the drivers and controls of future centennial-scale ice loss can be obtained by investigating deglaciation in the geological past.
© 2021. American Geophysical Union.
All Rights Reserved.
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A combination of forcings drove changes in the Antarctic Ice Sheet over glacial-interglacial cycles (Noble
et al., 2020; Tigchelaar et al., 2019), but ocean thermal forcing was likely the main driver of Antarctic ice
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Figure 1. (a) Study region, showing the present-day ice surface (Howat et al., 2019) and offshore bathymetry (Arndt et al., 2013; Lee et al., 2017). Black and
white arrows represent the proposed directions of ice flow and grounding-line retreat during the Holocene based on the interpretation of seafloor landforms
(Greenwood et al., 2018; Lee et al., 2017). The timing of deglaciation is partly constrained in the McMurdo Sound (McM. Snd.) (gray crosses; Hall & Denton,
2004; Licht et al., 1996), as well as east of Ross Island and north of the Drygalski Ice Tongue in Terra Nova Bay (Baroni & Hall, 2004; McKay et al., 2016).
Onshore, ice thinning is recorded at Mackay Glacier (Jones et al., 2015), with elevation transects at Gondola Ridge (red triangle) and Low Ridge (blue
diamond), and at Mawson Glacier (Jones et al., 2020), with elevation transects at Bruce Point (purple circle) and Mt Murray (orange square). The red boundary
represents the 2-D ice-flow model domain that we used in this study to investigate grounding-line migration and upstream ice thickness change. (b) The records
of thinning at Mackay and Mawson Glaciers during the Holocene, with the symbols corresponding to those in (a). Rapid thinning occurred at both glaciers at
∼7.5-5 Kyr ago (shown as a gray area).

sheet retreat during the Holocene (11.7-0 Kyr ago) (Crosta et al., 2018; Hillenbrand et al., 2017; Lowry
et al., 2019), similar to today. In the southwestern Ross Sea (Figure 1), however, the role of the ocean and the
complex bed topography in driving and controlling this retreat are not clear. The outlet glaciers persisted in
a more expanded configuration than today, and possibly readvanced, in this region long after the ice sheet
had retreated in the central embayment (Greenwood et al., 2018; Halberstadt et al., 2016; Lee et al., 2017).
Nonlinear deglaciation of the southwestern Ross Sea then occurred—defined here as the episodic retreat
(Greenwood et al., 2018; Lee et al., 2017) and abrupt increase in the thinning rate (Jones et al., 2015, Jones
et al., 2020) of outlet glaciers—despite this region currently accommodating some of the coldest waters in
Antarctica (Orsi & Wiederwohl, 2009; Smith et al., 2012). The spatial and temporal pattern of deglaciation
has been difficult to replicate in ice sheet models, possibly because the model resolutions used are too coarse
to accurately represent the complex bed topography in this region (Cuzzone et al., 2019; Lowry et al., 2019).
Key questions therefore remain regarding the drivers and controls of recorded nonlinear ice-sheet behavior
in the southwestern Ross Sea during the Holocene. Using regional, mesh-based ice-flow modeling that is
constrained by geological data, this study aims to answer: (1) What style of ocean-driven basal melt can
explain the record of deglaciation? and (2) How did bed topography control the rate and spatial pattern of
retreat?

2. Ice History Constraints
The glacial history of the southwestern Ross Sea is constrained by a combination of onshore and offshore
geological data (Figure 1). At the Last Glacial Maximum, ice was grounded across much of the continental
shelf (Anderson et al., 2014), and the lower reaches of outlet glaciers thickened by at least 260 m relative to
today (Jones et al., 2015). Landforms mapped on the seafloor reveal the nature of deglaciation. Megascale
glacial lineations document the flow of Mackay and Mawson Glaciers into the southwestern Ross Sea as
they retreated back to their modern configurations, while grounding-zone wedges indicate that this retreat
likely occurred in the presence of an ice shelf (Greenwood et al., 2018; Lee et al., 2017). The timing of
JONES ET AL.
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the deglaciation is recorded at several sites. Grounded ice retreated first in the central Ross Sea, with the
grounding line reaching just east of Ross Island by 8.6 Kyr ago (McKay et al., 2016) and to McMurdo Sound
by ∼7.5 Kyr ago (Licht et al., 1996). While the exact timing and pattern of grounding-line retreat is not accurately known, especially in the vicinity downstream of Mawson and Mackay Glaciers (Prothro et al., 2020),
these data help inform when certain locations likely became free of grounded ice during the Holocene.
The main unloading of grounded ice in the southwestern Ross Sea is recorded by raised beaches dating to
∼7.8 Kyr ago (Hall & Denton, 2004). This is also reflected in chronologies of outlet glacier thickness change.
Rapid thinning of >200 m occurred at Mackay and Mawson Glaciers between ∼7.5 and 5 Kyr ago (Jones
et al., 2015; Jones et al., 2020). This event is principally recorded at ∼7.5-6 Kyr ago at the sites of Gondola
Ridge, Low Ridge and Bruce Point, with a possible 1-Kyr lag at the Mawson Glacier site of Mt Murray (Figure 1b). After this, both glaciers thinned by just ∼15 m over ∼5 Kyr during the Mid-to-Late Holocene, with a
final thinning of ∼25 m at Low Ridge (Mackay Glacier) to the modern glacier geometries occurring over the
last ∼1 Kyr (Jones et al., 2015; Jones et al., 2020; Figure 1b). The magnitude, timing and rate of this ice thinning provide key constraints on plausible scenarios of modeled outlet glacier change during the Holocene.

3. Methods
To investigate the drivers and controls of changes in past ice geometry within our study region, we used
the open source finite element model Úa (Gudmundsson, 2013; Gudmundsson, 2019; Gudmundsson
et al., 2012). The model solves for ice flow in the grounded and floating portions of an ice sheet simultaneously, and uses an adaptive mesh, which allows us to simulate stresses and ice thickness changes at the
grounding line and where there are ice history constraints. Details of the numerical formulation can be
found in the supporting information (Text S1).

3.1. Input Data and Model Setup
The model domain was designed to capture grounding-line migration and corresponding upstream ice
thickness change for the period that is covered by the ice history constraints (Figure S1). A suite of ice
surface and bed topography data were used to initialize our model (Text S2). To account for the potential
impact of glacial isostatic adjustment on grounding-line migration (e.g., Kingslake et al., 2018) in our model simulations, we updated the bed topography through time using vertical deformation from the glacial
rebound model ICE-6G, which was shown to adequately fit the relative sea level records from this region
(Argus et al., 2014). We adopted the high-resolution (5.5 km) RACMO2.1/ANT model simulation (Lenaerts
et al., 2012) in combination with a regional ice core derived paleo-precipitation rate (Stenni et al., 2011) to
produce a spatially-variable surface mass balance (SMB) through the Holocene (Text S2). Ice shelf basal
mass balance (BMB) was calculated using a depth-dependent scaling scheme, which was based on measurements of the regional vertical ocean temperature profile (Figure S2). We applied a spatially-variable BMB
based on the observed temperature profile, a melt rate tuning parameter, and the ice shelf draft at each
model node for each model time step (Text S2). Calving was also applied using a critical ice shelf thickness,
similar to what has been applied in previous paleo-ice sheet modeling studies (e.g., Whitehouse et al., 2017),
which was informed by observations of modern ice shelf thickness (Chuter & Bamber, 2015). We used the
modern ice tongue thickness of Mawson and Mackay Glaciers of 150 m as the calving threshold of minimum thickness.
The model was set up in three stages (Text S3). First, we generated basal and internal conditions of regional
ice flow. As sector-scale ice sheet modeling showed that ice flow in the western Ross Sea is sensitive to model parameters (e.g., enhancement factors, basal resistance, till friction angle; Lowry et al., 2020), we generated maps with low, medium and high basal slipperiness and ice rate factor values. Next, we simulated a
modern ice configuration that was consistent with SMB and BMB forcings. Finally, we simulated advanced
ice configurations that are approximately representative of the Early Holocene, prior to the rapid thinning
episode that is recorded in the geological data; the grounding line was simulated eastward of the Southern
Drygalski Trough at an area of relatively shallow bathymetry, and the glacier ice surfaces were simulated
above the height of the elevation transects recording ice thickness change.
JONES ET AL.
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Figure 2. Simulated grounding-line retreat in the offshore region of the domain. Grounding line positions are shown in 200-year intervals for example
simulations from experiments (a) E1 and (b) E2; note, grounding lines are displayed for 9-0 model Kyr ago for E1 and 9-5 model Kyr ago for E2. A bold black
line denotes the final position at 0 model Kyr, while green schematic arrows highlight retreat directions. Grounding-line positions are plotted for all simulations
in Figure S4. (c) Bed topography in the lower reaches of the model domain, with the observed modern grounding line highlighted in white and pinning points
as crosses. Retreat is faster in regions of deeper topography in both experiments; however, the retreat rate is much lower in experiment E1. The final groundingline position (at 0 model Kyr ago) does not reach the present-day position in E1, but does in E2, also implying that a more enhanced ocean thermal forcing was
needed during the Holocene to reach the modern ice configuration.

3.2. Model Experiments
We conducted a series of time-dependent experiments to investigate the potential oceanic drivers and controls of grounding-line migration and upstream glacier thinning (Text S4). As the timing and relative magnitude of ocean thermal forcing in the Ross Sea during the Holocene remains unknown, we tested whether
a linear time-dependent (E1) or enhanced Early-to-Mid Holocene (E2) ocean thermal forcing could cause
accelerated grounding-line retreat and glacier thinning. For E1, we decreased the BMB (i.e., increased the
ice shelf melt rate) linearly using the melt rate tuning parameter from the advanced configuration values to
the present-day values for 9-0 model Kyr ago. For E2, we decreased the BMB linearly from its advanced configuration values to the present-day values for 9-6 model Kyr ago, and then maintained constant BMB values
until 0 model Kyr. Two additional experiments aimed to: test whether a 100-year period of enhanced ocean
thermal forcing, similar to that recorded elsewhere in Antarctica during the Holocene (e.g., Etourneau
et al., 2013), is able to produce the recorded rapid glacier thinning in the Mid Holocene (E3); and, replicate
the pattern of ice surface lowering recorded in the Mid-to-Late Holocene (E4) (Text S4).
For each experiment, simulations were carried out using different combinations of the basal slipperiness
and ice rate factor maps to account for the uncertainty in these parameters. The same time-varying changes
in glacial isostatic adjustment and precipitation between 9 and 0 Kyr ago were used in all experiments. The
results of the experiments were then evaluated based on agreement with the geological data that constrain
the timings of ice surface lowering at Mackay and Mawson Glaciers.

4. Results
4.1. Pattern of Grounding-Line Retreat in the Southwestern Ross Sea
The spatial and temporal pattern of grounding-line migration provides an indication of the sensitivity of this
portion of the ice sheet to ocean forcing during deglaciation. The spatial pattern of retreat is similar between
experiments, in all of the simulations (Figures 2 and S4). The grounding line initially remains pinned to the
topographic high points that extend north from Ross Island (0–225 m bsl), along the simulated advanced ice
front, with retreat occurring in the areas of deeper bathymetry between the high points (>550–900 m bsl).
JONES ET AL.
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Figure 3. (a) Basal mass balance (BMB) forcing in experiments E1 (dashed line) and E2 (solid line), with the resulting simulated changes in ice volume and
grounded ice area (b), and corresponding changes in ice surface elevation at (c) Mawson Glacier and (d) Mackay Glacier. The sites of Mt Murray, Bruce Point,
Gondola Ridge and Low Ridge are colored orange, purple, red and blue, respectively. The bold lines represent the mean of the individual simulations in each
experiment, while the period of observed rapid thinning (7.5-5 Kyr ago) is highlighted as a gray area. Accelerated ice loss occurs in both E1 and E2, however,
only E2 replicates the timing recorded by the geological data.

This is the case for experiments E1 and E2, despite the abrupt decrease in BMB (i.e., increase in melt rate)
applied in E2. Retreat then accelerates once the grounding line moves inland of these topographic highs.
The direction of this retreat is broadly along troughs and up onto shallower banks, similar to that indicated
by seafloor landforms (Figure 2). Notably, the grounding line retreats back toward Mackay Glacier from
the area just north of McMurdo Sound and across the southern end of the Southern Drygalski Trough, and
retreats both northward and southward in the Southern Drygalski Tough downstream of Mawson Glacier.
The rate of retreat decreases slightly once the grounding line reaches the mouths of Mawson and Mackay
Glaciers, where the bathymetry is deep but the glaciers are embayed in narrow fjords. Together, these experiments highlight that the pattern of retreat is controlled by the bed topography and lateral geometry, with
accelerated ice loss occurring following retreat of the grounding line through overdeepened basins after the
grounding line detached from local topographic highs.
4.2. Inland Ice Loss During the Holocene
Rapid ice volume loss and ice surface lowering accompanies the period of accelerated grounding-line retreat in all simulations despite the different style of ice shelf mass balance forcing that is applied (Figure 3).
However, using a linear decrease in BMB at 9-0 model Kyr ago (E1) fails to reproduce the timing of the
recorded rapid thinning event, and this finding is not affected by particular parameter values (slipperiness
and ice rate factor). An accelerated decrease in the area of grounded ice only occurs from ∼2 model Kyr ago,
JONES ET AL.
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with abrupt ice volume loss and corresponding ice surface lowering at the Mawson and Mackay Glacier
sites occurring from ∼1 model Kyr ago (Figure 3), which is a significant mismatch with the geological data.

An enhanced decrease in BMB (i.e., increase in the sub-shelf melt rate) at 9-6 model Kyr ago (E2) is required
to match the timing of recorded rapid thinning in the Mid Holocene (Figure 3). In these simulations, ∼100–
400 m of ice surface lowering is simulated at Mawson and Mackay Glacier, which is of a relatively smaller
magnitude at the more upstream site at each glacier. Notably, a dynamic adjustment of the ice surface at
Mawson Glacier's upstream site (Mt Murray) occurs in all of the E2 simulations. This causes the end of the
accelerated thinning to be delayed by up to ∼1 Kyr relative to the downstream site (Bruce Point), replicating
what was recorded by the geological data (Figure 1b). The rates of rapid thinning simulated in experiment
E2 also broadly match the rates estimated from the geological data (Figure S5). Importantly, clear differences in the timing of the simulated rapid thinning exist between experiments E1 and E2. Prescribing a
100-year peak in ice shelf melt at the onset of recorded rapid thinning (E3) produces only a temporary
reduction in ice volume, and minor and/or temporary ice surface lowering at Mawson and Mackay Glaciers
(Figure S6). These experiments therefore support sustained, enhanced ice shelf melt at 9-6 model Kyr ago
as the main driver of Mid-Holocene ice loss.
Observations show that ice loss continued at Mawson and Mackay Glaciers into the Late Holocene, with
a second phase of accelerated ice thinning recorded at one site (Figure 1b). This pattern of Mid-to-Late
Holocene thinning is not captured in any of the simulations in experiments E1 and E2 (Figure 3). Instead,
the recorded gradual thinning at Gondola Ridge (Mackay) and Mt Murray (Mawson), with a Late Holocene
episode of accelerated thinning at Low Ridge (Mackay), can be broadly replicated when a small-magnitude
gradual decrease in BMB is applied at 6–0 model Kyr ago (E4) (Figure S7). At Low Ridge, this second phase
of accelerated thinning occurs when the grounding line reaches the deepest part of the trough.

5. Discussion
5.1. Control of Bed Topography on Deglaciation
Our use of regional-scale finite element modeling with unstructured grids has enabled us to capture complex outlet glacier retreat patterns, which has not been possible using continental-scale and sector-scale
uniform-grid ice sheet models (Cuzzone et al., 2019; Lowry et al., 2019). The simulations show that shallow banks and seamounts—including features <10 km wide—provided critical pinning points during deglaciation, while deeper beds allowed for accelerated grounding-line retreat, supporting interpretations of
seafloor landforms (Greenwood et al., 2018; Halberstadt et al., 2016). A reorganization of ice flow with two
opposing non-contemporaneous flow events during retreat has been proposed for this region, based on
the direction of megascale glacial lineations in the Southern Drygalski Trough (Greenwood et al., 2018).
However, we show that these apparent opposing flow directions could be possible from divergent ice flow
downstream of Mawson Glacier during retreat, where ice preferentially flowed toward the deeper bathymetry. As deglaciation progressed, simulated grounding-line retreat onto banks produced isolated pockets and
narrow zones of grounded ice, consistent with the idea that ice became afloat in deeper areas while still
being grounded on either side of the troughs (Greenwood et al., 2018).
The Holocene deglaciation of the southwestern Ross Sea illustrates how bed topography can exert a fundamental control on grounding-line migration. In particular, the rate of grounding-line retreat is shown to
be limited by shallow-bed pinning points, even when enhanced ice shelf melt rates are applied. Increased
basal drag at pinning points can slow adjacent ice velocities, increasing ice volume and lateral friction,
which can potentially lead to grounding-line advance (Favier et al., 2012; Goldberg et al., 2009). Progressive thinning of the ice at these pinning points eventually leads to floatation and retreat of the grounding
line, which accelerates following detachment from this shallow bed topography (Figure 2). Our simulations
support the idea that a critical bathymetric threshold may exist under sustained forcing where retreat into
deeper areas (>∼230 m deep in the southwestern Ross Sea) leads to massively increased ice discharge and
rapid retreat (Favier et al., 2012; Gasson et al., 2015). The modeling indicates that retreat and associated ice
surface drawdown accelerated during the Holocene until ice thickness at the grounding line reduced on an
upward-sloping bed (Schoof, 2007) and/or the lateral drag was increased by narrowing of troughs (Jamieson et al., 2014) at the mouths of the outlet glaciers. Ice sheet modeling has shown that bed topography
JONES ET AL.
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controls the onset and pattern of grounding-line retreat observed over recent decades, and likely into the
future (Favier et al., 2016; Seroussi et al., 2017). Using an example of ice sheet retreat from the geological
past, this work shows that bed topography plays a similar role on multi-centennial timescales, and highlights the importance of suitably constraining kilometer-scale bed topography for accurate simulations of
grounding-line migration.
5.2. Ocean Thermal Forcing During the Holocene
Our experiments have demonstrated that a sustained period of enhanced sub-ice shelf melt during the Early-to-Mid Holocene is required to initiate retreat from stable pinning points and cause rapid thinning of the
outlet glaciers to occur in the Mid Holocene.
There are three different modes by which the ocean can melt an ice shelf and potentially initiate grounding-line retreat (Jacobs et al., 1992). The first mode is characterized by relatively cold and dense waters,
and is how ice shelf melt in the western Ross Sea is regulated today; High Salinity Shelf Water (HSSW)
is formed from brine rejection during sea-ice production in the Ross Sea Polynya (Jendersie et al., 2018;
Orsi & Wiederwohl, 2009). A second mode results from the atmospheric warming of surface waters during
summer months, with ice shelf melt limited to the near-surface and calving front (Stewart et al., 2019). The
final mode involves the incursion of relatively warm modified Circumpolar Deep Water (mCDW), which
is responsible for the highest ice shelf melt rates observed in Antarctica today (Adusumilli et al., 2020). In
the absence of cold water gyres and HSSW, mCDW is able to spread across the continental shelf and reach
ice shelf cavities, causing substantial sub-shelf melt to occur near the grounding line (Jacobs et al., 1992;
Silvano et al., 2016). While all modes of ice shelf melt could have contributed to grounding-line retreat in
the western Ross Sea during the Holocene, warm mCDW has the greatest potential for causing a sustained
period of enhanced sub-shelf melt in the Early-to-Mid Holocene.
Modified CDW is not observed in the southwestern Ross Sea today, however, proxy-based evidence indicates
that oceanic conditions were different during the Holocene. A more southerly position of the Southern
Hemisphere westerly wind belt drove an increased incursion of mCDW between 10.4 and 7.5 Kyr ago in the
Amundsen Sea region (Hillenbrand et al., 2017). A similar inflow of mCDW could also have been possible in
the Ross Sea at this time, as a large Ross Ice Shelf cavity had possibly not yet developed (Lowry et al., 2019),
meaning that the production of sea ice and resulting HSSW was not yet occurring (Ashley et al., 2021) and
thus not able to block mCDW (Jacobs et al., 1992). A freshening of the Southern Ocean during deglaciation
could also have led to reduced Antarctic Bottom Water formation and then incursions of mCDW onto the
Ross Sea continental shelf during the Early Holocene (Golledge et al., 2014). Modern oceanic conditions
in the Ross Sea were then likely reached by the Mid-to-Late Holocene (Ashley et al., 2021), with ice shelf
melt rates and resulting variability of outlet glacier grounding-line positions possibly regulated by changes
in the efficiency of the Ross Sea Polynya (Mezgec et al., 2017) and the summer warming of surface waters
(Crosta et al., 2018).
The recorded timing and magnitude of Holocene ice loss that was simulated in this study is not unique to
the southwestern Ross Sea. Accelerated thinning during the Early-to-Mid Holocene and ice margin variability from the Mid-to-Late Holocene is documented across Antarctica (Hall, 2009; Small et al., 2019). The
broad synchronicity suggests that a circum-Antarctic flux of mCDW occurred during the Holocene, driving
grounding-line retreat and rapid ice sheet thinning at a number of sites.

6. Conclusions
We applied ice-flow modeling in combination with geological data to investigate the controls and drivers
of ice margin retreat during the Holocene. The use of a regional, mesh-based model allowed us to capture
complex grounding-line dynamics associated with km-scale bed topography. In particular, the modeling
highlights the importance of pinning points in controlling retreat rates, and supports the idea that retreat
beyond a bathymetric threshold can lead to accelerated retreat and ice surface drawdown. While bed topography exerts a strong control on grounding-line position, the observed ice loss cannot be explained solely
by self-sustained unstable retreat. Enhanced ocean-driven melt during the Early-to-Mid Holocene (9-6 Kyr
ago) was required to replicate the timing of rapid ice thinning recorded in the Mid Holocene (7.5-5 Kyr ago)
JONES ET AL.
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in the southwestern Ross Sea. Available evidence supports incursions of mCDW as the most likely mechanism that drove sub-shelf melt and grounding-line retreat during the Early-to-Mid Holocene, with later
changes possibly regulated by the Ross Sea Polynya and seasonal ocean surface warming. The processes that
will dictate future Antarctic ice sheet mass loss remain uncertain, and this work demonstrates that ocean
temperature and bed topography act together to both regulate and enhance the amount and rate of nonlinear ice loss on timescales relevant to the coming centuries.

Data Availability Statement
The model used in this study (Úa) is available from Gudmundsson (2019; https://doi.org/10.5281/zenodo.3706624), while the geological data used are archived at ICE-D (http://antarctica.ice-d.org/) and described in Jones et al. (2015) and Jones et al. (2020). The model output can be made available upon request.
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