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Abstract

The Antarctic Ice Sheet (AIS) response to past warming consistent with the 1.5-2°C ‘safe limit’ of the United Nations Paris
Agreement is currently not well known. Empirical evidence from the most recent comparable period, the Last Interglaciation,
is sparse, and transient ice-sheet model simulations are few and inconsistent. Here we present new results from transiently-
forced ice-sheet modelling experiments. We evaluate our results against near and far-field proxy reconstructions and find good
agreement. Our simulations indicate that the AIS contributed approximately 4 m to global mean sea level, peaking at 126 ka
BP, with ice lost primarily from the Amundsen but not Ross or Weddell Sea sectors. The AIS thinned in the area of the Wilkes
Subglacial Basin but did not retreat. Continuing beyond present day our model predicts that the West Antarctic Ice Sheet may

already be predisposed to collapse even in the absence of further environmental change.
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Key Points:

« We present data-constrained simulations of the Antarctic Ice Sheet during the Last
Interglaciation

¢ Our model predicts a maximum contribution to global mean sea level of 4 m at
126 ka BP

 Loss of much of the present-day West Antarctic Ice Sheet is already committed

under current climate
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Abstract

The Antarctic Ice Sheet (AIS) response to past warming consistent with the 1.5-2°C ‘safe
limit’ of the United Nations Paris Agreement is currently not well known. Empirical ev-
idence from the most recent comparable period, the Last Interglaciation, is sparse, and
transient ice-sheet model simulations are few and inconsistent. Here we present new re-
sults from transiently-forced ice-sheet modelling experiments. We evaluate our results
against near and far-field proxy reconstructions and find good agreement. Our simula-
tions indicate that the AIS contributed approximately 4 m to global mean sea level, peak-
ing at 126 ka BP, with ice lost primarily from the Amundsen but not Ross or Weddell
Sea sectors. The AIS thinned in the area of the Wilkes Subglacial Basin but did not re-
treat. Continuing beyond present day our model predicts that the West Antarctic Ice
Sheet may already be predisposed to collapse even in the absence of further environmen-

tal change.

Plain Language Summary

Ice sheets can respond to climatic warming in complex ways, commonly only reach-
ing a new state of balance many hundreds or even thousands of years after the initial
change in climate has occurred. Here we investigate how the Antarctic Ice Sheet responded
to a period of prolonged warmer-than-present climate that took place around 125000 years
ago. At this time the global climate was only around 1 to 2°C above present, but geo-
logical records show that global sea level was at least 6 m, or maybe even as much as
9-11 m, higher than today. Our study shows that around 4 m of this could have come
from Antarctica. Our model agrees well with geological evidence of enhanced ice discharge
both close to the ice sheet and further afield. Applying this model to the future our ex-
periments suggest that the West Antarctic Ice Sheet may already have been sufficiently
destabilised to trigger a long-term sea level contribution of up to 4 m, even without fur-

ther greenhouse gas emissions.

1 Introduction

Direct evidence of ice sheet changes during the last time when global mean sea level
(GMSL) was above present is sparse. This period, the Last Interglaciation (LIG, 129-
116 ka BP) was most likely characterised by a highstand in GMSL of 6-9 m (Masson-
Delmotte et al., 2013; Dutton et al., 2015) or higher (Rohling et al., 2019), but global
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mean surface temperatures (GMST) only slightly elevated (ca. +0.8°C) with respect to
early industrial times (late 19th century) (Turney & Jones, 2010; Masson-Delmotte et

al., 2013; Fischer et al., 2018). GMST was amplified in the polar regions, with Arctic
surface temperature anomalies of >3-11°C, substantially above the global mean (Landais

et al., 2016; Yau et al., 2016; Fischer et al., 2018). Summer insolation was greater than

at present (early 21st century) in the Northern Hemisphere during the early part of the

LIG (peak ca. 127 ka), but reached a maximum in the Southern Hemisphere half a pre-
cession cycle later, at around 117 ka (Capron et al., 2017). Global mean ocean temper-
atures reached their maximum early in the LIG (129-127 ka BP) reaching 1.1+0.3°C above
modern (approximately 2°C above early industrial; Shackleton et al., 2020), with ex-
tratropical southern hemisphere mean annual sea surface temperatures most likely peak-
ing before those in the northern hemisphere (Hoffman et al., 2017). Southern Ocean sum-
mer sea surface temperature anomalies were around 1.8+0.8°C above pre-industrial (Capron
et al., 2017). Around Antarctica, ocean temperatures reached their maxima at differ-

ent times in different areas, with earliest warming (ca. 129-127 ka BP) in the Atlantic

and Indian Ocean sectors, and delayed warming (ca. 125 ka BP) in the Pacific sector (Chadwick
et al., 2020). Warming of subsurface layers relative to glacial maximum conditions ex-
ceeded surface warming during the LIG, and was most likely a consequence of a prolonged
period of relatively weak Atlantic Meridional Overturning Circulation during the penul-

timate deglaciation (Marino et al., 2015; Clark et al., 2020; Turney et al., 2020).

Partitioning of ice sheet contributions to the inferred LIG highstand is hampered
both by sparse evidence and by model disagreement. Thermal expansion of the ocean
early in the LIG accounts for ca. 0.8 m sea-level-equivalent (SLE) change (Shackleton
et al., 2020) and global glaciers could have contributed a maximum of 0.32 + 0.08 m based
on estimates of their current volume (Marzeion et al., 2020). The SLE contribution from
the Greenland Ice Sheet (GrlS) is modelled to be anywhere from ca. 0.9 m (Clark et al.,
2020) to ca. 5.1 m (Yau et al., 2016), with the majority of models and proxy-based re-
constructions indicating likely mass loss in the 1-2 m SLE range (Colville et al., 2011;
Dahl-Jensen et al., 2013; Calov et al., 2015; Goelzer et al., 2016; Bradley et al., 2018).
The Antarctic Ice Sheet (AIS) has been less well studied, particularly in terms of ice sheet
model (ISM) simulations that use ocean—atmosphere boundary conditions directly from
general circulation models (GCM) or regional climate models (RCM). Whole-continent

ISM reconstructions that have used environmental forcings directly from climate mod-
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els without the imposition of additional heat predict an AIS LIG contribution of 3—4.4

m (Goelzer et al., 2016; Clark et al., 2020) whereas models that have used mid-latitude
proxy-based sea surface temperatures, or temperature anomalies added to modelled val-
ues, predict similar or slightly higher SLE contributions of 3-7.5 m (Sutter et al., 2016;
DeConto & Pollard, 2016). Whole continent as well as single catchment or limited area
models have been used to investigate the sensitivity of key AIS drainage basins to both
realistic and conceptual warming levels (Mengel & Levermann, 2014; Feldmann & Lev-
ermann, 2015; Golledge, Levy, et al., 2017; Sutter et al., 2020) but the scarcity of near-
field empirical evidence with which to constrain ISM simulations prevents a critical eval-
uation of either the LIG AIS contribution to GMSL or the robustness of the models them-

selves.

To-date, direct indicators of AIS response during the LIG are limited to a horizon-
tal ice core record from the Patriot Hills (West Antarctica) (Turney et al., 2020) and a
marine sediment record from the continental shelf proximal to the Wilkes Subglacial Basin
(WSB, East Antarctica) (Wilson et al., 2018). The Horseshoe Valley blue ice record (Turney
et al., 2020) incorporates volcanic glass geochemically correlated with tephra in the Dome
Fuji ice core, dated to 130.7 + 1.8 ka BP (AICC2012 timescale; Hillenbrand et al., 2008),
abruptly truncated by a hiatus in ice accumulation until ca. 80 ka BP. This hiatus is in-
terpreted as evidence of dynamic thinning of this sector of the ice sheet during, and fol-
lowing, the LIG (Turney et al., 2020). By contrast, ice core records from the dynami-
cally stable continental interior record only minor isotopic deviations reflecting temper-
ature and/or elevation change (Korotkikh et al., 2011), and cores from sites more likely
to have been substantially influenced by ice sheet retreat are typically too short to pre-
serve an unambiguous LIG record (Brook et al., 2005; Fudge et al., 2013; Mulvaney et
al., 2014; Buizert et al., 2015). The marine sediment core offshore the WSB at U1361A
reveals a clear signal of increased iceberg rafted debris (IBRD) over the site during the
LIG, which together with provenance indicators from muds eroded off the continental
margin suggests either a retreat of the ice margin in the WSB, or an increase in basal
erosion and sediment transport from this area (Wilson et al., 2018). Other, indirect, proxy
records appear to show that the EAIS in this sector has been stable for at least the last
400 kyr (Blackburn et al., 2020), implying no retreat of ice in the WSB during the LIG.

No whole-continent AIS simulations have yet been explicitly assessed in terms of

their agreement with ice-sheet proximal empirical interpretations. In this paper we there-
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fore aim to 1) present new ISM simulations for the period 140-116 ka BP, and 2) com-
pare modelled changes with those inferred from ice-proximal and ice-distal proxy recon-
structions described above. Based on these results we are then able to make an assess-
ment of the level of model-data agreement for the LIG, and on the basis of this, make

inferences regarding future grounding-line retreat and AIS mass loss.

2 Methods

We use the same ice sheet model as used in Clark et al. (2020) but with modifi-
cations to improve model-data agreement. In summary, we use the Parallel Ice Sheet
Model (PISM; Bueler & Brown, 2009; Winkelmann et al., 2010), a fixed-grid thermo-
dynamic ice sheet model that uses a hybrid stress balance combining shallow approx-
imations of the flow equations for grounded and floating ice. PISM is well-suited to multi-
millennial simulations and has been used extensively for such purposes (Seguinot et al.,
2014; Golledge et al., 2014; Winkelmann et al., 2015; Aschwanden et al., 2019; Albrecht
et al., 2020). We implement the model at 20 km horizontal resolution and make use of
the native subgrid grounding-line scheme to improve the sensitivity of this coarse grid
simulation to oceanic forcing. Using spatially explicit, time varying, oceanic and atmo-
spheric anomalies (compared to present day) from the National Center for Atmospheric
Research Community Climate System Model version 3 (NCAR CCSM3; Clark et al.,
2020) we run duplicate simulations for Termination 1 (T1; 20-0 ka BP) and Termina-
tion 2 (T2; 140-116 ka BP). We follow the exact same procedure as in Clark et al. (2020)
and use simulations of the last glacial termination (T1) to ensure that our model can re-
produce the extended glacial maximum configuration and present-day ice extent. Sim-
ulations for the penultimate glacial termination and Last Interglaciation (T2) are then
run with only the climate forcing being changed. To ensure that isostatic loading of the
bedrock reaches equilibrium before the start of the transient deglacial simulation we pre-
cede each of these simulations with a 20 kyr period during which a constant ‘glacial max-
imum’ climate field is applied. The conditions imposed during this phase are taken as
the glacial maxima represented in the CCSM3 simulations at 140 ka and 20 ka BP for
T2 and T1 respectively. Compared to Clark et al. (2020) our new simulations use an up-
per mantle viscosity value that is increased from 1.0x10'° Pa s to 1.3x10%° Pa s, as well
as a topographic elevation correction to account for the effect of dynamic topography

(Austermann et al., 2015). These modifications are implemented in an attempt to pro-
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duce earlier and faster mass loss than the original simulations (Clark et al., 2020), in an
attempt to reproduce the timing of AIS changes interpreted from Antarctic glaciolog-
ical and geological records (Wilson et al., 2018; Turney et al., 2020). For wider context
we also compare our results to inferences of AIS mass loss from other studies (Fig. 1b;

Kopp et al., 2009).

Experimentation shows that the model is very sensitive to mantle viscosity and only
a narrow range of values exists that allow present-day grounding lines to be matched as
well as above-present LIG mass loss to be produced (Figs. S1, S2). In this paper we also
present an extension of the T1 simulation in which present-day (1979-2010) basal melt
rates (Bernales et al., 2017) and atmospheric forcing (Golledge et al., 2019) are main-
tained for an additional 4 kyr, in order to investigate the future dynamic (not climate-

forced) response of the AIS.

3 Results

Figure 1 illustrates the AIS response in terms of sea-level-equivalent mass loss to
deglacial environmental forcings for (a) T1 and (b) T2. Mass loss above present is first
achieved shortly after 129 ka, peaking at 126 ka with a sea level contribution of 4.03 m.
This ice volume minimum is maintained only briefly before a slow regrowth of the ice
sheet and lowering of sea level to 118 ka, followed by renewed mass loss that continues
to the end of the simulation at 116 ka. Both the timing and magnitude of peak mod-
elled AIS mass loss are consistent with probabilistic estimates (Kopp et al., 2009) of the
Southern Hemisphere sea-level contribution during this period (Fig. 1b, grey line and
shading) but our modelled sea level contribution starts to exceed present-day sea level
around 2000 years earlier than the Kopp et al. (2009) median. We consider this appar-
ent mismatch acceptable, however, given that Kopp et al. (2009) caution the use of their
ice volume projections on the basis that in their assessment they use a Gaussian distri-
bution to represent a non-Gaussian prior. Other studies have inferred little or no mass

loss from the WAIS prior to 128 ka BP (Holloway et al., 2016), which our simulation is

also largely consistent with. The AIS contribution to GMSL in our simulation comes largely

from the WAIS (Fig. 1c), primarily the Thwaites and Pine Island Glacier catchments.
As a consequence of CCSM3-simulated cooler-than-present subsurface ocean tempera-
tures in the Ross and Weddell seas (Fig. S3), both the Ross and Filchner-Ronne ice shelves

remain intact. In East Antarctica our modelled grounded ice extent closely resembles
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Figure 1. Simulated mass loss from the Antarctic Ice Sheet (bold lines) during a) the last and
b) the penultimate glacial terminations. Rates-of-change shown with thinner lines in each panel.
Modelled LIG sea-level-equivalent mass loss from Clark et al. (2020) shown with dashed brown
line in b) for comparison to the new simulation. Median and 67% confidence interval of a prob-
abilistic reconstruction of the Southern Hemisphere contribution to global mean sea level shown
with grey line and shading (Kopp et al., 2009). c) Surface elevation of the modelled Antarctic Ice
Sheet at 126 ka BP when peak LIG mass loss is reached. Patriot Hills blue ice area, Talos Dome
ice core site, and U1361A marine sediment core location and the three sites (coloured boxes)

investigated in Figure 4 also shown.

its present-day configuration, with no substantial grounding line retreat apparent in ei-

ther the WSB, the Aurora Basin, or the Recovery catchment.

Closer investigation of the Amundsen Sea Embayment reveals that the retreating
grounding line in this area migrates inland of its present-day position shortly after 130
ka BP and progressively evacuates the interior of WAIS over the subsequent 3—4 kyr (Fig.
2). Grounded ice in the Weddell Sea embayment appears to retreat to close to its present-
day extent in the millennia just before and just after 130 ka, and then stabilises. Com-
parison of modelled grounding-line positions in the Weddell and Amundsen Sea sectors
highlights the far more rapid retreat in the latter than the former, consistent with pre-
vious interpretations of LIG marine ice sheet instability in this sector (Clark et al., 2020).

The more rapid retreat we simulate than modelled previously (Fig. 1b) arises from our
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Figure 2. Grounding line retreat in the Amundsen Sea Embayment from 140-126 ka BP.
Retreat proceeds rapidly into the interior of WAIS once the pinning point near the present-day
grounding line is lost. Grounding line retreat in the Weddell Sea is by comparison much slower,

but takes place earlier. Location of Patriot Hills ice core record (Turney et al., 2020) also shown.

stiffer mantle parameterisation (‘Methods’, above), leading to slower isostatic rebound

that gives rise to deeper water during WAIS retreat.

To gauge the degree of fit between our simulation and two empirical studies that
report isotopic evidence of changes in the AIS during the LIG, we first consider the iso-
tope record recovered from the Blue Ice Area (BIA) of Horseshoe Valley, in the Patriot
Hills of West Antarctica (278.65° E, 80.3° S, Figs. 1c & 2; Turney et al., 2020). The ice
core preserves a tephra layer geochemically correlated to a tephra in the Dome Fuji ice
core dated to 130.7 £ 1.8 ka BP (Hillenbrand et al., 2008). Stratigrapically above this
horizon ice younger than ca. 130 ka, but older than 80 ka, is absent, implying either a
hiatus in accumulation, or post-depositional loss. Our simulation predicts a 5000-year
long episode of ice thinning coincident with the timing of tephra deposition and the be-
ginning of the isotopic hiatus (Fig. 3a). If this thinning had been driven by surface ab-
lation (wind-induced sublimation) the tephra would not be preserved in situ. Conversely,
if thinning were instead primarily the result of melting at the bed rather than at the sur-

face, the tephra should be preserved beneath younger ice, yet this is not the case.



216 In our simulation the onset of thinning appears to be a response to a steady increase
217 in surface velocity that started around 132.5 ka BP (Fig. 3b, red line). This date cor-

218 responds to the timing of southward retreat of the ice sheet grounding line in the Wed-

219 dell Sea (Fig. 2) that triggered regional uplift at the BIA site from ca. 131 ka BP (Fig.

220 3b, blue line). Combined with collapse of the ASE glaciers from 129 ka (Fig. 2) the re-

21 duction in regional ice loading led to accelerated bedrock rebound and promoted faster

22 basal sliding due to the increase in topographic gradient (Fig. 3b, black line).

223 Since modelled surface velocities are an order of magnitude greater than the rate

24 of basal sliding, flow occurred primarily by shear (internal deformation). Under this kind
25 of flow regime, the increasing surface slope and surface velocity driven by Weddell Sea

26 grounding line retreat and bedrock uplift would have led to preferential thinning near

227 the surface rather than in deeper ice layers. Thinning rates increased gradually from 132.5

28 ka BP reaching a maximum of around 0.5 m/year by ca. 128.5 ka BP (Fig. 3a). Snow

229 layers accumulating during this time would have thus become increasingly thinned, rel-

230 ative to older layers beneath, as they flowed from their original location to the BIA sam-

231 ple site downstream. In this scenario, the apparent hiatus actually may represent a pe-

23 riod of enhanced layer thinning that allowed stratigraphically separated isochrones to

233 eventually intersect (Fig. 3c). Although our simulations do not extend to 80 ka BP, we

23 surmise that thinning halted at 80 ka because of renewed isostatic loading due to ASE

235 regrowth, and/or because of readvance of Weddell Sea grounding lines as the climate cooled.
236

237 Many studies have considered the possibility that the WSB in East Antarctica could

238 have collapsed during warmer periods of the past (Cook et al., 2013; Mengel & Lever-

230 mann, 2014; Patterson et al., 2014; Golledge, Thomas, et al., 2017; Bertram et al., 2018).
240 Yet direct evidence pertinent to the LIG is lacking, and the most proximal record of ice
211 sheet change in this area is marine sediment core U1361A at 143.89°E, 64.41°S (Wilson

242 et al., 2018). This archive preserves IBRD that includes detrital sediments whose radio-

23 genic values reflect different source areas. A third sedimentary proxy, the barium/aluminium
244 ratio of laminated clays, indicates changes in sea ice extent and biological productivity.

215 Co-variance of these markers has been used to suggest that reduced sea ice during Pleis-

246 tocene interglacials was coincident with increased sediment erosion from the WSB, per-

247 haps because of retreat of the ice margin (Wilson et al., 2018). Inland terrestrial geo-

28 chemical records, however, suggest that the WSB has been ice-filled since c. 400 ka BP
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Figure 3. a) Modelled ice thickness and its rate of change, and b) bed elevation, and surface
and basal velocity at the Patriot Hills blue ice area through the period 132-116 ka BP. Timing of
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(dotted line), including age uncertainty (grey shading). c) Schematic explanation of the mecha-
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ice surface due to bedrock uplift and grounding-line retreat lead to enhancing thinning as ice is
advected more quickly downglacier, eventually allowing time-separated ice layers (isochrones) to

converge.
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(Blackburn et al., 2020), and hence if it did contribute to higher-than-present LIG GMSL,
the contribution may have been relatively minor. Recent high-resolution ice sheet mod-
elling supports this latter interpretation, showing that the isotopic record preserved in
the Talos Dome ice core is inconsistent with the surface lowering of that area that would
have occurred had the WSB deglaciated substantially (Sutter et al., 2020). Sutter et al.
(2020) conclude that during the LIG the WSB could have contributed only up to ca. 0.8
m SLE.

Here we unify these studies. Figure 4a shows our modelled ice surface elevation over
the WSB during the LIG, at 126 ka BP when modelled Antarctic ice loss peaked. Mod-
elled surface elevation change at Talos Dome from 132 — 116 ka is shown (blue line) in
Figure 4c, and indicates changes of approximately 100 m over 10000 years, consistent
with the TALDICE reconstruction (Sutter et al., 2020). We also track changes in ice el-
evation and basal ice velocity in the key outlet glaciers of this region: Cook, Ninnis, and
Mertz (Fig. 4e,f). Even in the absence of grounding-line retreat in this area we simu-
late thinning of up to 500 m in the trunk of the Ninnis Glacier, coupled with an abrupt
increase in sliding velocity from approximately 150 m/year to 450 m/year. Because these
accelerations are localised, however, the sea-level equivalent volume of this catchment
is only 0.05 m less than in our modelled present-day geometry. Our modelled ice dynamic
changes are coeval with the proxy-based interpretations of ice sheet changes (Fig. 4d,e,f).
Since basal erosion and subglacial sediment transport are largely controlled by sliding
velocity (Pollard & DeConto, 2003; Herman et al., 2015), our modelled changes can plau-
sibly explain the increase in basal erosion inferred from an inland subglacial source and

transported to the offshore marine sediment core U1361A (Wilson et al., 2018).

4 Implications for future change

A striking feature of our T1 tuning experiment (Fig. 1la) is that after a period of
relative stability during the Holocene (approximately the last 10,000 years), our model
predicts renewed, and rapid, AIS mass loss beginning c. 1500 years after present day.
The trajectory of ice loss over the period 1500-4000 years into the future is similar to
the pattern of loss taking place during the early millennia of the LIG (Fig. 1b), reflect-
ing MISI-forced collapse of the ASE sector of WAIS. Given that no additional environ-
mental forcing is applied during this period (from year 0 into the future), the lagged re-

sponse is most likely a consequence of our basal melt parameterisation, which is opti-
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Figure 4. Ice thickness and basal ice velocity changes in the Wilkes Subglacial Basin dur-
ing the period 132-116ka BP. a) Modelled ice elevation and b) basal ice velocity at 126 ka BP
showing location of the three main outlet glaciers in this region. Location of the Talos Dome ice
core site (TALDICE) and marine sediment core U1361A also shown. Gold and cyan lines shows
present-day and 126 ka BP grounding-line positions respectively. ¢) Timeseries of modelled ice
elevation changes and d) sediment proxies from U1361A compared to e) modelled elevation and
f) basal velocity changes at the three glacier trunks shown in a). The model predicts substantial
thinning and acceleration of Ninnis Glacier coincident with increased sediment flux to U1361A,
yet without impact on ice thickness at Talos Dome. Vertical dotted lines identify the timeslice

shown in panels a) and b)
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mised to closely reproduce present-day (1979-2010) melt rates (Bernales et al., 2017; Golledge

et al., 2019). The implication therefore is that ocean warming to-date is already suffi-
cient to trigger millennial-scale collapse of part of West Antarctica, as has been found

previously (Joughin et al., 2014; Arthern & Williams, 2017; Golledge et al., 2019).

5 Conclusions

We have presented new transient simulations of the AIS through both the most re-
cent, and the penultimate, deglaciations, the current interglaciation and the LIG. Our
model is parameterised to reproduce the most recent glacial maximum expansion as well
as present-day AIS configuration, and then by only changing the climatological forcing
also predicts changes in LIG ice sheet geometry and dynamics that can explain three in-
dependent ice-proximal proxy records as well as probabilistic estimates of LIG changes
in GMSL. The same simulations also suggest that the present-day AIS is already primed
for MISI-driven retreat over coming millennia, or sooner if additional environmental forc-

ing is imposed.
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Figure S1. Impact of mantle viscosity variations on ice sheet evolution under T1 and T2 forcings. a) Timeseries
of grounded ice volume for the last deglaciation (T1), used as a tuning experiment. Black line illustrates the
reference experiment used as the basis for interpretations presented in this paper, pink line shows value used in
previous simulations (Clark et al., 2020). Stiffer mantle viscosities lead to collapse of WAIS before simulated
present-day (‘Year 0’) is reached. b) The same experiments as in a) but for the T2 climatology. Collapse of
WALIS takes place earliest for stiffer mantle parameterisations, with only a very narrow range able to reproduce
present-day grounding line extent as well as a multi-metre LIG contribution to sea level. Blue line in both panels
illustrates a simulation in which the sub-grid grounding line scheme is turned off, effectively preventing the ice
sheet from advancing or retreating adequately.
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Figure S2. Impact of mantle viscosity variations on modelled present-day grounding line positions. In black,
the grounding line as represented by the reference configuration (1.3e20 Pa s) for the T1 experiment. In red, the
grounding line for a very slightly stiffer mantle (1.4€20 Pa s). The retreated GL of Thwaites Glacier shown in the
stiffer mantle experiment is at odds with the empirically located grounding line, despite similar present-day ice
volumes (SI Fig. 1).



-0.15

s
8
Ocean 500m temp. anomaly (°C)

-0.45
120°wW

-0.60

-0.75

150°W o 150°F

Ocean 500m temp. anomaly (°C)

-128500
|
0.00 /il
ﬂ'/ ‘\ A
f VNM \*'m(“a
-025 ) U \
W | e
M \ v
-050 (JW \ /
r | |
| K\ﬂ \
f x \‘
-0.75 r/,w'/ \\‘ f
i "ol |
Wl |
h'(\1‘ ‘AV(LU‘/\‘ /
-1.00 /
/
-1.25 [
!
|
-1.50 ('
‘(‘«
-175
L
-2.00
—140000 -135000 —130000 —125000 —120000 -115000
Years BP

Figure S3. a) Ocean temperature (as anomalies from modelled present) simulated by CCSM3 for 500 m depth
at the time of peak warmth (128.5 ka BP). Warming close to the Antarctic coast is evident along the western
Antarctic Peninsula and into the Amundsen Sea Embayment, but cooler-than-present conditions prevail in the
Weddell Sea and Ross Sea embayments. b) Zonally-averaged ocean temperature anomalies at 500 m depth from
CCSMS3. Vertical line shows peak warmth timeslice illustrated in a).



