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East Antarctic warming forced by ice loss
during the Last Interglacial

David K. Hutchinson 1,2 , Laurie Menviel 1,2, Katrin J. Meissner 1,3 &
Andrew McC. Hogg 3,4

During the Last Interglacial (LIG; 129-116 thousand years before present), the
Antarctic ice sheet (AIS) was 1 to 7 m sea level equivalent smaller than at pre-
industrial. Here, we assess the climatic impact of partial AIS melting at the LIG
by forcing a coupled climate model with a smaller AIS and the equivalent
meltwater input around the Antarctic coast. We find that changes in surface
elevation induce surface warming over East Antarctica of 2 to 4 °C, and sea
surface temperature (SST) increases in the Weddell and Ross Seas by up to
2 °C. Meltwater forcing causes a high latitude SST decrease and a subsurface
(100–500m) ocean temperature increase by up to 2 °C in the Ross Sea. Our
results suggest that the combination of a smaller AIS and enhancedmeltwater
input leads to a larger sub-surface warming than meltwater alone and induces
further Antarctic warming than each perturbation separately.

During the last interglacial (LIG), summer temperatures over land areas
of the northern high-latitudes were 4 to 5 °C higher than the pre-
industrial (PI), primarily due to differences in orbital forcing1–3. In
contrast, greenhouse gas forcing was reduced, with CO2, CH4 and NO2

concentrations all estimated to be slightly lower than during PI3,4.
Antarctica’s contribution to the LIG sea level high-stand is estimated to
have occurred between 129.5 and 124.5 ka, with a peak at 127 ka, while
Greenland’s contribution slowly ramped up from 127 ka onwards5. The
Greenland ice sheet is estimated to have contributed 0.4 to 4.4m sea-
level equivalent (SLE)6,7 comparedwith 1 to 7mSLE for Antarctica5,8,9. A
recent study suggests the AIS contributed 5.7m SLE of sea level rise,
with a likely range of 3.6 to 8.7m (68% probability)10. However, the
evolution of these ice sheets and their associated climate feedbacks
are not well understood, motivating further examinationwith physical
climate models.

Paleo-proxy records suggest 1.8 ± 0.8 °C higher Southern
Ocean summer sea surface temperatures (SSTs), and annual mean
SSTs up to 3 °C higher at 127 ka compared with PI at ~40°S11,12.
Recent coordinated efforts to model the LIG at 127 ka, under the
Paleoclimate Model Intercomparison Project 4 (PMIP4) under-
estimate thewarm anomaly suggested by Southern Hemisphere SST
proxy records13. Most of the LIG PMIP4 experiments suggest an

anomaly of 1 to 2 °C in austral winter south of 60°S, while simulating
no significant changes in austral summer, thus leading to an annual
mean SST change of −0.5 to +2 °C13. The LIG 127 ka experiments also
underestimate the annual mean surface air temperatures over
Antarctica. Ice core records suggest an anomaly of ~2.2 °C com-
pared with PI11,14, however the multi-model mean finds an increase
of ~0.5 °C13. One of the reasons for these discrepancies might be the
absence of changes in the Antarctic ice sheet in the PMIP4 experi-
ments, which are expected to play an integral role in high latitude
temperature change. Coupling a dynamic Antarctic ice sheet with
the ocean-atmosphere-sea ice-land components necessary for
PMIP4 simulations remains a significant technical barrier, primarily
due to the problem of ice-ocean coupling necessary for a large
marine-based ice sheet15. Recent progress has been made towards
coupling a dynamic ice sheet with a fully coupled climate model16,
however this approach is still under development, and remains
challenging to adapt to a paleoclimate scenario such as the LIG.
Therefore, to investigate the effects of changing ice sheets, we
currently prescribe ice sheet changes through the model boundary
conditions.

Ice-sheet modelling studies suggest differing mechanisms that
could account for the observed LIG sea level rise, but all suggest that a
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sub-surface warming of the Southern Ocean is necessary for AIS
retreat, with a potential collapse of theWest Antarctic ice sheet (WAIS)
above 2–3° subsurface warming17. A recent model study suggests that
subsurface warming induced by weakening of the Atlantic meridional
overturning circulation (AMOC) can cause anAntarctic icemass loss of
3.42m SLE by the early LIG18. At the higher end of ice loss estimates, an
Antarctic ice-sheet modelling study was able to simulate a 7.5m SLE
increase fromadisintegrationof theAntarctic ice sheet (AIS) at the LIG,
by forcing their model with a 3 °C sub-surface warming and imple-
menting a marine ice-cliff instability (MICI) parametrisation19. How-
ever, constraints onMICI remainuncertain, since previous sea level rise
events can be explained within uncertainty bounds without invoking
MICI20. Furthermore, in the recent Ice Sheet Model Intercomparison
(ISMIP6) projections of 21st century Antarctic ice sheet evolution, none
of the modelling groups included a MICI parameterisation21.

A limitation of current LIG studies is that either the climate is
studied without including potential Antarctic ice-sheet (AIS) changes
or the AIS evolution is assessed using climate model outputs as a
prescribed (non-interactive) boundary condition. For example, a pre-
vious coupled climate model study assessed the processes leading to
the LIG δ18O maximum and found that this could not be explained by
WAIS retreat, but instead could reflect sea ice loss22. A related
approach is to use iterative coupling (i.e. repeated updates of
boundary conditions) between an ice sheet model and a climate
model; such a method has found significant positive feedbacks
between subsurface warming and Antarctic ice melt for future warm-
ing scenarios23, but has not been implemented for the LIG. Meltwater
input into the Southern Ocean at the LIG has been shown to lead to an
increase in Southern Ocean stratification and thus a subsurface
warming24. This positive feedback could enhance Antarctic ice-sheet
disintegration25,26.

The impact of theWAIS removal on δ18Owas previously studied in
a coarse-resolution (2.5° × 3.75° ocean and atmosphere) climate
model22, assuming an idealised flattening or removal of the WAIS. In
that study the oceanic response was not studied in detail. To fill this
gap, herewe assess the response to amorewidely distributed ice sheet
perturbation and meltwater forcing informed by ice sheet modelling,
rather than just WAIS removal, and we study more closely the ocean
circulation and climate responses.

Here we assess the impact of a partial removal of the AIS upon
Antarctic and Southern Ocean climate. This partial removal of ice
consists of separate and combined contributions from changing the
ice sheet topography and fromenhancedmeltwater forcing. Our aim is
to investigate how feedbacks from partially melting the Antarctic ice-
sheet would impact Southern Ocean and Antarctic climate, especially
in regions that affect the stability of the remaining Antarctic ice sheet.

Results
Climate response to a partial AIS removal
We investigate the impact of a partial removal of theAIS by performing
an experiment under LIG boundary conditions in which the AIS ele-
vation and extent, as well as ocean bathymetry were modified to
represent a 4.1m and 7.1m SLE Antarctic ice mass loss19,27 (Fig. 1 and
Supplementary Fig. S1, Methods; experiments SL4.1 and SL7.1). To
highlight the distribution of ice loss around Antarctica, we divide the
SLE perturbation into 60° sectors of longitude (shown in Fig. 1a, b).We
also calculate the contribution from the WAIS, the East Antarctic Ice
Sheet (EAIS), and the Antarctic Peninsula, as defined by drainage basin
definitions of Antarctica28. These amounts are shown in Supplemen-
tary Dataset 3. The key difference between the two scenarios is found
in the EAIS, where the ice loss is 1.92m SLE in SL4.1, increasing to
4.63m SLE in SL7.1.

In both the SL4.1 and SL7.1 cases, partial ice sheet removal leads to
a 0.5–1.5 °C annual mean SST increase in the Weddell Sea, extending
towards the Indian sector of the Antarctic shelf (30°W–30°E), as well as

in the Ross Sea (180–150°W; Supplementary Fig. S2a, d). Both the
Weddell and Ross Sea warming occur predominantly in summer, in
combination with a retreat in summer sea ice (Supplementary Figs. S3
and S4), though an expansion of sea ice occurs in the Weddell Sea in
winter. Those areas of sea ice expansion are associated with a slight
decrease in annual mean temperature (between −0.25 and 0 °C). East
Antarctic annual mean coastal SSTs increase by around 0.5–1 °C from
0° to 60°E in combination with sea ice retreat, with a stronger signal in
the SL7.1 case than the SL4.1 case. However, in other regions the SL4.1
and SL7.1 simulations show minimal differences and even some
stronger anomalies in SL4.1. From60 to 180°E, SST anomalies are close
to zero near the coast, with the sea ice edgemostly unchanged (Fig. 2a,
d). The summer warming is driven by ice-albedo feedbacks both from
replacing part of themarine ice sheet with ocean, and from a retreat in
summer sea ice in those sectors.

Some of the SST anomalies extend to the subsurface (Supple-
mentary Fig. S2d), with a 0.25–0.5 °C subsurface warming at
100–500m depth simulated along the East Antarctic shelf between 0
and 180°E in both SL4.1 and SL7.1. A ~ 1 °C SST cooling is simulated at
60 to 65°S in the Amundsen and Bellingshausen Seas in both SL4.1 and
SL7.1 (Fig. 2a, d). This signal is also mirrored in a 1–2 °C subsurface
cooling in these regions, with a slightly stronger cooling signal in SL4.1
than SL7.1 (Fig. S2a, d). This regional cooling is associated with a
northward shift of the subpolar front of the Antarctic Circumpolar
Current (ACC), which steers colder isotherms to the north (Figure S5).
Changes in the pathways of the ACC also manifest in subsurface
warming of >2 °C around 140–180°W, 45–50°S (Supplementary
Fig. S5), as well as subsurface warming around ~1 °C located at 45°S in
the Indian Ocean sector. The shifts in the ACC are in turn driven by
both changes to the Antarctic coastal bathymetry when the ice is
removed, and changes to the wind field, notably a weakening of the
westerly winds in all of the Pacific sector as well as some of the Indian
sector of the Southern Ocean, with a slightly larger anomaly in SL4.1
than SL7.1 (Supplementary Fig. S6). This weakening is likely due to
high-latitude surface warming causing a decrease in baroclinic
instability, which in turn decreases the strength of the midlatitude
westerlywinds29. In addition,mixed layers deepen in the Ross Sea from
less than 50m in the LIG control to 400–500m in the SL4.1 experi-
ment, and to some extent in the SL7.1 experiment (Supplementary
Fig. S7). Thisdeepening is drivenbygreater exposureof higher latitude
shelf regions to atmospheric cooling, enabling denser water to form in
the Ross Sea region. Sea-ice retreat in the Atlantic-Indian sector also
leads to greater exposure of surface waters to winter cooling, thus
deepening the mixed layers between 0 and 30°E (Supplementary
Fig. S7). This surface forcing increases Antarctic BottomWater (AABW)
formation from 9.8 Sv in the LIG control to 13.0 Sv in SL4.1 and 11.2 Sv
in SL7.1 (Figs. 3 and 4).

An important feature of our simulations is the ability tomodel the
Antarctic continental climate response to a partial loss of the ice sheet.
There are four proxy records from ~ 127 ka that record Antarctic sur-
face air temperature (SAT) anomalies of 0.9 to 3.3 °C with respect to
PI11,30. These Antarctic temperature anomalies are not captured by
recent PMIP4 experiments that simulate the LIG climate without
explicitly including Antarctic ice loss. Our LIG control experiment
produces a similar result to the PMIP4 ensemble; Antarctic SAT does
not change significantly comparedwith PI (Supplementary Fig. S9e). In
contrast, the ice loss experiment SL7.1 captures an annual mean SAT
increase of 2 to 4 °C in the Antarctic continental interior, in good
agreement with proxy data (Fig. 5b). The SL4.1 experiment also shows
East Antarctic warming in the continental interior, although to a lesser
extent than SL7.1. These changes are closely linked to reductions in ice
elevation in East Antarctica (Fig. 1a, b), indicating lapse rate effects
have amajor impact in explaining this warming signal. However, some
of the warming signal is also due to ice-albedo effects warming the
newly formed ocean surface (i.e. loss of marine ice sheet), allowing
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additional heat to be transported into the continent via the atmo-
spheric circulation.

Surface wind anomalies indicate a decrease in the predominant
(southerly) offshore winds off East Antarctica in both the SL4.1 and
SL7.1 experiments (Supplementary Fig. S6b, e). This decrease in
southerly winds enables warmer oceanic airmasses to reach further
inland over East Antarctica. Surface wind anomalies also indicate a
minor enhancement of easterly winds along the Antarctic coast (Sup-
plementary Fig. S6). We suggest that these wind patterns may be dri-
ven by two factors. First, the weakening of the equator-to-pole
gradient (due to Antarctic surface warming) drives a weakening of the
midlatitude westerlies, since polar warming at the surface has been
found to reduce baroclinic instability and therefore weaken the mid-
latitude westerlies29. Second, the lowering of topographic barriers
especially in West Antarctica allows a greater exchange of surface
winds into near-polar latitudes. In reality, these topographic changes
would also impact the katabatic winds, but these remain poorly
resolved with an atmosphere resolution of ~2°. The southward shift of
the easterlies also strengthens the Antarctic Slope Current (ASC;

Supplementary Fig. S8). The new ocean gateway at 73°S, 86–80°W
opened by the removal of ice sheet, allows a southward transport of
0.7 Sv and 1.1 Sv respectively in SL4.1 and SL7.1 through the gateway
from the Pacific to the Atlantic sector.

Climate response to meltwater input around Antarctica
We further investigate the impact of meltwater forcing around Ant-
arctica, equivalent to 4.1m and 7.1m SLE of AIS disintegration (Meth-
ods, experiments FW4.1 and FW7.1). This meltwater input leads to
approximately 1–2 °C SST decrease from 150 to 30°W off the coast of
Antarctica in the FW4.1 case (Fig. 2b). A similar pattern, but stronger
magnitude of SST decrease (2–3 °C) occurs in the FW7.1 case. This
cooling is associated with a large expansion of sea ice (Fig. 2). These
changes are driven by the freshwater forcing creating a stronger
halocline near the surface, which ensures that surface waters remain
stably stratified under cooling conditions. A more stable halocline
enables both greater sea ice formation, and a reduction of deep ocean
convection in the Weddell Sea as indicated by changes to mixed layer
depths (Supplementary Fig. S7). The rate of Southern Ocean deep

Fig. 1 | Changes to topography and bathymetry in the perturbation experi-
ments. Anomalies of land-based topography in the (a) SL4.1 configuration and (b)
SL7.1 configurations; anomalies of bathymetry in the (c) SL4.1 and (d) SL7.1 con-
figurations. The maroon numbers in a and b indicate the ice loss in m SLE for each

60 ° sector of longitude (separated by dashed meridians). Locations of prominent
ice shelves or ice sheets are labelled in a and b, while Antarctic Seas mentioned in
this study are labelled in c and d. Abbreviations: Shack Shackleton, Amund
Amundsen, Bell Bellingshausen, Wedd Weddell.
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water reduces from9.8 Sv in the LIG control, to 7.8 Sv in the FW4.1 case
and 5.8 Sv in the FW7.1 case (Figs. 3 and 4).

Due to the increased surface stratification and reduced deep
ocean convection, subsurface (100–500m depth) temperatures in the
FW4.1 experiment increase by up to 2 °C in the Ross Sea (Supple-
mentary Fig. S2b), with a slightly stronger increase in FW7.1 (Supple-
mentary Fig. S2e). The meltwater-induced stratification isolates the
surface from thewarmer circumpolar deepwater (CDW), which is then
transported further south andwarmsAntarctic subsurface waters. The
increased southward advection of CDW is indicated by a flattening of
neutral density surfaces in the high southern latitudes, enabling
southward isoneutral transport of warmer deep waters (Figs. 3 and 4).
This effect is similar to that found in previous coupled climate model
simulations of the LIG24 and future warming scenarios31, which found
that meltwater perturbations tended to lower Antarctic SST while
warming the subsurface.

Meltwater forcing also reduces Antarctic SAT, similar to the SST
response (Fig. 5b, e). This perturbation in itself does not produce a
good agreement with paleo-proxy records from East Antarctica, which
show a warm anomaly compared with PI11,30. The strength of mid-
latitude westerly winds increases in the FW4.1 and FW7.1 experiments
(Supplementary Fig. S6c, f), likely due to an enhanced equator-to-pole
gradient. This is the opposite response of the samemechanism seen in
the SL4.1 and SL7.1 wind changes, in which surface polar warming
reduces baroclinic instability29.

Climatic response to a combined partial AIS removal and
enhanced meltwater input around Antarctica
Finally, we assess the climatic impact of the combined ice sheet
removal and meltwater inputs of 4.1m and 7.1m SLE (Methods,
experiments COMB4.1 and COMB7.1). These combined experiments
lead tomostly warming over Antarctica and cooling over the Southern
Ocean, resembling a combination of SAT anomalies from both the ice
loss and meltwater experiments (Fig. 5c, f). While the COMB7.1
experiment shows some modest warming in the four proxy
locations11,12,30, the influenceof lower SSTsdue to themeltwater forcing
produces a poorer agreement with the proxy data in the combined
cases than in the ice loss-only cases. A quantitative comparison
between the proxy data, and the modelled SAT changes at each proxy
location is shown in Supplementary Dataset 1.

The meltwater forcing dominates the ocean’s surface response
with an increase in surface ocean stratification all around Antarctica,
and a decrease in deep-water formation in the Weddell Sea (Supple-
mentary Fig. S7). The annual mean sea-ice extent is 4.7% and 12.8%
larger than the LIGcontrol inCOMB4.1 andCOMB7.1 respectively (here
we count grid cells only if they exist as ocean in both simulations). The
sea iceexpansion is associatedwith 1–1.5 °C and 1.5–2 °C SSTdecreases
in the Weddell Sea in COMB4.1 and COMB7.1 respectively (Fig. 2c, f).
Similarly, there is a ~1 °C and ~2–3 °C decrease in the Amundsen and
Bellingshausen Seas in COMB4.1 and COMB7.1 respectively. Along the
East Antarctic coast, SST change is slightly negative ( ~ -0.5–0 °C),

Fig. 2 | Annual mean sea surface temperature (SST) anomalies in the pertur-
bation experiments, and SST proxy data. SST anomalies for the (a) SL4.1, (b)
FW4.1, (c) COMB4.1 experiments; and (d) SL7.1, (e) FW7.1 and (f) COMB7.1 experi-
ments compared with the LIG control. Contours show the annual mean sea ice

edge, denoting 15% concentration for the LIG (black) and the perturbation
experiment (green). The coloured circles represent proxy SST data from refs. 11,12
as used in PMIP4, while the coloured squares represent SST anomalies from 126ka
from ref. 32.
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though it is warmer than the meltwater simulations in regions where
ice sheet is converted to ocean (Fig. 1). A comparison of annual mean
SST proxy data11,12,32 from the Southern Ocean with model anomalies is
given in Supplementary Dataset 1, and plotted in Fig. 2, while summer
(DJF) average SST proxy data11 and model anomalies are compared in
Supplementary Dataset 2. These comparisons indicate that the simu-
lated SSTs are generally too low compared to the SST proxy data.Most
of the SouthernOcean SST proxies indicate warming of at least several
degrees, although a few sites also indicate strong cooling (Fig. 2), with
the proxy anomaly data ranging from −6.8 °C to 11.5 °C (Supplemen-
tary Dataset 1). In general, the best agreement is found in the ice loss
only experiments (SL4.1 and SL7.1), while a poorer agreement is found
when introducing meltwater both separately (FW4.1 and FW7.1) and
combined with the ice loss (COMB4.1 and COMB7.1). These data sug-
gest that, in the context of uncertain timing of Antarcticmelting at the
LIG5,10, that the peak meltwater pulse in the Southern Ocean did not
occur simultaneously with the warmest SST anomalies, since melt-
water tends to strongly cool the surface of the Southern Ocean.

The subsurface response in COMB4.1 also strongly resembles the
pattern of the FW4.1 experiment. A 2 °C subsurface warming occurs in
the Ross Sea. Elsewhere around the Antarctic coast, there is modest
warming (<0.5 °C), but the COMB4.1 experiment shows some slight

additional warming compared to the meltwater-only case, similar to
SL4.1. Compared to SL7.1, in COMB7.1 the Ross Sea also exhibits strong
subsurface warming (>2 °C), but there is far more widespread sub-
surface warming around all of East Antarctica (0.5–1 °C). With the lar-
ger (7.1m SLE) perturbations, the ice removal and meltwater effects
compound each other more strongly.

Below 1000m, the ice loss andmeltwater effects compound non-
linearly. In the deep SouthernOcean, zonalmean temperatures show a
clear cooling in SL4.1, and a modest warming in FW4.1 (Fig. 3d, f).
However, the combined experiment COMB4.1 shows a stronger and
larger warming signal than FW4.1, i.e. the two perturbations do not
combine linearly (Fig. 3h). There is a large region of warming
(0.2–0.4 °C) that extends from Antarctica to 50–60°S at intermediate
depths, and up to 30°S below 4000m (Fig. 3). Likewise, in COMB7.1,
the deep Southern Ocean shows stronger warming (0.5–1.0 °C) and
greater spatial extent than FW7.1, despite the fact that the ice loss
experiment (SL7.1) cools the deep ocean; i.e. a non-linear warming
effect.

AABW formation is reduced to 6.0 and 4.7 Sv in the COMB4.1 and
COMB7.1 respectively, representing even stronger reductions than in
the meltwater-only cases (7.8 and 5.8 Sv for FW4.1 and FW7.1). Deep
water formation remains in the Atlantic sector, but shifts north-east

Fig. 3 | Meridional overturning circulation (MOC) and zonal mean tempera-
tures for the 4.1 experiments. a, b Absolute values in the LIG experiment; and
anomalies in the (c,d) FW4.1, (e, f) SL4.1 and (g,h) COMB4.1 experiments. Contours

on the right-handplots areω-surfaces of neutral density, alongwhich strongmixing
occurs (see Methods48).
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out of theWeddell Sea, and is absent from theRoss Sea. There is a clear
flattening of isoneutral slopes in the combined perturbation experi-
ments, as in themeltwater case, such that relativelywarmerdeepwater
is brought into the Southern Ocean. We find that the combination of
flatter isoneutral slopes, a decrease in ventilation and SST warming
from the ice loss perturbation produces this compound warming of
the deep ocean. This is in contrast to the ice loss only cases (SL4.1 and
SL7.1), where the steepening of isoneutral slopes means that the deep
ocean is more strongly connected with (colder) high latitude atmo-
sphere forcing.

The new ocean gateway at 73°S, 86–80°Wopened by the removal
of ice sheet allows a northward transport of 0.1 Sv and 1.0 Sv in
COMB4.1 and COMB7.1 respectively through the gateway (i.e. Atlantic
to Pacific sector; Supplementary Fig. S8d, g), which is in the opposite
direction as the transport in SL4.1 and SL7.1. This throughflowdoes not
greatly affect the surface temperature and salinity in the deep water
formation regions.

Discussion
This study has demonstrated the contrasting climatic impacts of Ant-
arctic ice removal and Southern Ocean meltwater input. Previous cli-
mate model studies have shown that meltwater addition to the

Antarctic shelf induces an air temperature decrease over Antarctica31

and a decrease of Southern Ocean SSTs24,33,34. Taken in isolation, this
meltwater-induced cooling is at odds with LIG Antarctic air tempera-
ture proxies which suggest 0.9–3.3 °C higher temperatures compared
to PI30. In contrast, our ice removal perturbation experiments display a
2–4 °C air temperature increase over East Antarctica, in good agree-
ment with paleo-proxy records30 (Supplementary Dataset 1). Our
results contrast with a previous modelling study of the LIG, which
found that a disintegration of the WAIS led to disagreement with δ18O
records from East Antarctica22. As our model does not include oxygen
isotopes, we cannot directly compare to the primary results of ref. 22,
but we find that the positive temperature anomaly implied by the East
Antarctic proxies could be explained by ice sheet reductions. Our
results suggest that removing part of the AIS may lead to warming of
East Antarctica by reducing topographic barriers, which reduces
southerly offshore winds over East Antarctica.

Enhancedmeltwater fluxes into the SouthernOceandominate the
ocean’s response, and lead to an increase in the ocean’s stratification
which separates the colder, fresher surface waters from the warmer,
saltier circumpolar deep waters below. As such, Southern Ocean SSTs
decrease, particularly in the Weddell Sea. This cooling generally does
not agree with Southern Ocean SST proxies from the LIG, which may

Fig. 4 | Meridional overturning circulation (MOC) and zonal mean tempera-
tures for the 7.1 experiments. a, b Absolute values in the LIG experiment; and
anomalies in the (c, d) FW7.1, (e, f) SL7.1 and (g,h) COMB7.1 experiments. Contours

on the right-handplots areω-surfaces of neutral density, alongwhich strongmixing
occurs (see Methods48).
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indicate that the peak in meltwater from Antarctic ice melt at the LIG
possibly succeeded the peak positive SST anomalies in the Southern
Ocean.We note, however, that SouthernOcean SST proxies are almost
all located between 40 and 50 °S, while most of the SST anomalies
simulated in our experiments are located poleward of 50 °S, where no
proxy records are available.

Surface freshening leads to a subsurfacewarming inboth theRoss
Sea and around the East Antarctic coast of up to 2 °C, and 1 °C,
respectively. In addition, the response of the deep ocean is strongly
non-linear. While the meltwater perturbations cause warming of the
deepSouthernOcean, and the ice loss perturbations causecooling, the
combined perturbations show a markedly stronger warming than
either case, a counter-intuitive result that demonstrates the utility of
forcing these perturbations both separately and together. We suggest
this combined result is due to anenhanced stratification resulting from
both surface freshening, and warming due to ice loss, as evidenced by
deep water formation being reduced the most in the combined
forcing cases.

The subsurface warming identified here can provide a positive
feedback to Antarctic ice-sheet disintegration through marine ice
sheet instability acting upon a reverse-sloping bedrock beneath the
grounding line35. While the predominant regions of reverse-sloping
bedrock are located in West Antarctica, there are also areas of East
Antarctica where reverse-sloping bedrock occur, including the Amery
(67–75°E), Shackleton (95–105°E) and Fimbul (3°W–3°E) ice shelves,
and the Wilkes Subglacial Basin (140–150°E)36, which may all be vul-
nerable to a marine ice-sheet instability feedback. In our SL4.1 and

SL7.1 simulations, there are strong localised SAT anomalies of upwards
of 5 °C over the Amery and Fimbul ice shelf regions, due to significant
melting of those shelves implied in the boundary conditions. Smaller
SAT anomalies are found over the Shackleton ice shelf (1–2 °C) and the
Wilkes Subglacial Basin (0.5–1.5 °C), due to modest ice reductions in
those regions.

Some sedimentological and geochemical records suggest that the
Wilkes Subglacial Basin, containing 3–4m SLE of marine-based ice,
may have retreated substantially during the LIG37. Furthermore,
observations of authigenic uranium in the South Atlantic suggest an
AABWdecrease at around 127 ka38, which could have been triggered by
a meltwater pulse similar to the mechanism described here. However,
maximal estimates of ice loss from the EAIS are constrained by the
existence of continuous ice records39, and 234U accumulation40 in and
adjacent to the Wilkes Subglacial Basin. The lack of a large melting
signal in these records suggests an upper bound of 0.8m SLE ice loss
for the Wilkes Subglacial Basin39. Our simulations are broadly con-
sistent with this constraint: The ice perturbations in the 60° sector
between 120 and 180°E (Fig. 1a, b), which covers a much larger area
than theWilkes Subglacial Basin, are 0.12m and 1.14m SLE in the SL4.1
and SL7.1 experiments respectively.

Previous ice sheet modelling studies of Antarctica have either
produced a sea-level rise at the lower end of observations17,18, or have
invoked marine ice cliff instability19, a mechanism which remains
controversial. Our study shows that feedbacks from ice loss upon the
coupled climate system may help resolve this discrepancy. The com-
bined effects, especially on the subsurface temperature, suggest that a

Fig. 5 | Annual mean surface air temperature (SAT) anomalies in the pertur-
bation experiments, and SAT proxy data. SAT anomalies in the (a) SL4.1, (b)
FW4.1, (c) COMB4.1 experiments; and (d) SL7.1, (e) FW7.1 and (f) COMB7.1 minus

the PI experiment. The coloured circles represent proxy SAT anomalies from East
Antarctica11,30.
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partial removal of the AIS could trigger further melting of the AIS
through a dynamic coupled ocean-atmosphere-sea ice feedback.

The feedbacks identified here are typically missing from recent
LIG climate modelling studies3. Previous studies have identified a link
between Southern Ocean meltwater forcing and subsurface warming
due to a weakening of deep water formation24. Our study extends
previous work by examining the combined temperature impacts of
both ice removal andmeltwater forcing, showing contrasting effects of
each perturbation. Our results imply that 21st century climate model
projections may be missing feedbacks that warm East Antarctica, in
addition to meltwater-induced subsurface warming. This study high-
lights the need to develop fully coupled climate model simulations
that can interact dynamically with ice sheet changes, and thus capture
feedbacks from melting parts of the AIS on the ocean-atmosphere
circulation and temperature in the Antarctic region.

Methods
Model description
The experiments are carried out using the coupled climatemodel GFDL
CM2.141. The ocean component of the model uses a resolution of 1°
latitude × 1° longitude × 50 levels, with a latitudinal grid refinement in
the tropics down to 0.33° at the equator. Themodel also uses a tripolar
grid, with a regular latitude-longitude grid south of 65°N, transitioning
to a bipolar grid in the Arctic, with poles centred over Siberia and
Canada42. The ocean model is modified from the original GFDL CM2.1
configuration to use MOM version 5.1.0, and uses a bottom roughness
scheme for vertical mixing43. The sea ice model is the Sea Ice Simulator
(SIS), which is a dynamical model with three vertical layers, one snow
and two ice, with five ice thickness categories. It uses an elastic-viscous-
plastic method to calculate ice stresses44, and the thermodynamics use
a modified Semtner three-layer scheme45. The sea ice component uses
the same horizontal resolution as the ocean. The atmosphere compo-
nent is the GFDL AM2, and uses a resolution of 2° latitude × 2.5° long-
itude × 24 levels41. The land surface model is LM2, and is configured for
PI conditions as in the original CM2.1 experiments. The land cover type
is based on a historical land use distribution dataset, based on ref. 46.
This classifies the land surface into 10 vegetationor land surface types46,
with corresponding properties of albedo, surface roughness, stomatal
resistance, root depth and snow masking depth.

Pre-Industrial and Last Interglacial experiments
The model is run in two configurations: a PI control run, and a LIG run.
Both of these runs follow the experimental protocol of ref. 3, which
specifies the greenhouse gas concentrations, orbital parameters and
solar constant for both the PI and LIG simulations. Theseparameters are
given in Table 1 of ref. 3. All vegetation types, soil types and runoff
scheme are left unchanged for the LIG simulations and perturbation
experiments (below). We keep the river runoff relocation map fixed
regardless of changes to the ice sheets, since (i) the drainage-basin scale
changes to river runoff are relatively small, and (ii) river runoff is a small
signal compared to the meltwater perturbations, allowing us to attri-
bute changes more directly to meltwater effects. The PI and LIG simu-
lations are initialised from a modern observational dataset of
temperature and salinity47, and run for 1500 years. Both of these
simulations reach a quasi-equilibrium with global mean SST increasing
by 0.02–0.03 °C per century over the last 500 years. For the last 100
years of simulation, the temperature trend at 4000m is between 0 and
0.03 °C per century in all simulations including the perturbation
experiments. We account for this small drift in our analysis by treating
the LIG simulation as a ‘control’ experiment, and subtracting it from the
perturbation experiments at the same number of model years. The
surface temperature changes found in the LIG compared with the PI
simulation show similar seasonal changes (Supplementary Fig. S9) to
the PMIP4 results13 (their Fig. 5), and some differences in the annual
mean response. As in the PMIP4 ensemble, our model simulates strong

northern hemisphere land warming in boreal summer (JJA) and land
cooling in boreal winter (DJF) (Supplementary Fig. S9a, c). There is a
contrasting signal of boreal summer cooling over tropical Africa and to
a lesser extent India; these results are also present in the PMIP4
ensemble. Our results differ to PMIP4 in that we have an overall cooling
in the annual mean, and a relative lack of Arctic warming, where the
PMIP4 ensemble records an annualmean anomaly of around2 °C.While
PMIP4 finds an ensemble mean global anomaly of 0.5 °C, we find a
global anomaly of −0.59 °C, similar to the lower end of the PMIP4 range
(−0.5 to +2 °C). Below, we describe the perturbation experiments.

The MOC circulation in the PI and LIG runs is presented in Sup-
plementary Fig. S10. The northern cell (AMOC) transports a similar
volume in both simulations; 26.3 Sv and 26.1 Sv in the PI and LIG
simulations respectively. The depth of the AMOC increases slightly,
accounting for the minor changes in the streamfunction difference
plot (Supplementary Fig. S10c). AABW formation decreases from 11.1
Sv in the PI to 9.8 Sv in the LIG. This decrease is evident in the positive
difference around 70°S in Supplementary Fig. S10c. This decrease in
AABW formation is also evident from a decrease inmixed layer depths
in both the Ross and Weddell Seas (Supplementary Fig. S11). In the
Weddell Sea, where AABW is predominantly formed, mixed layers are
generally several hundred metres shallower, while in the Ross Sea,
deep convection ceases completely (Supplementary Fig. S11).

Partial Antarctic ice sheet removal experiments
Sea-level during the Last Interglacial was estimated to be between 1
and 9m higher than present day7. Here we simulate the effects of this
icemelt, using aperturbationderived fromGolledge et al.27, using their
scenario of RCP4.5 forcing at year 5000, including the sub-grid basal
melt interpolation (see their Fig. 1f; ‘high’ scenario). We chose this
scenario, since it represents a 4.3m SLE rise with respect to PI, i.e. in
line with mid-range estimates of ice loss at the LIG. We use their
modelled ice elevation as an indicative estimate of an Antarctic ice
sheet reduced by 4.3m, given sea level constraints from proxy
information5,8. However, when comparing their ice sheet elevation for
the historical period (1900 CE) with the control ice sheet in GFDL
CM2.1 derived from observations but on a far coarser grid, there are
some differences in baseline elevation (both higher and lower in dif-
ferent regions). To account for these discrepancies in baseline ice
sheet elevation, we applied a perturbation to the GFDLCM2.1model in
two ways: 1. using the anomaly of ice sheet elevation, taken as the
difference between the RCP4.5 and 1900 CE simulations of Golledge
et al.27, and 2. using the absolute value of elevation in the
RCP4.5 simulation of Golledge et al.27. In both cases, we made further
adjustments so that the perturbed ice sheet was always less than or
equal to the control (here the GFDL CM2.1 control) ice sheet elevation,
and the anomalous elevation does not go below sea level.

This procedure yielded two estimates of ice loss: 1. Using the
anomaly-derived perturbation, the resulting ice loss was 4.1m SLE, and
2. using the absolute value of elevation, the resulting ice loss was 7.1m
SLE. For eachof these values of total ice loss, we also performa separate
perturbation using the equivalent volume of freshwater forcing, and a
combined ice loss and freshwater forcing experiment, as follows:
1. SL4.1: Removal of 4.1m sea level-equivalent ice sheet using the

RCP4.5 - 1900 CE anomaly from Golledge et al.27 (Fig. 1a, c);
2. FW4.1: Freshwater forcing over 500 years adjacent to the Ant-

arctic coast, with total volume equivalent to the ice loss derived
in SL4.1;

3. COMB4.1: Combined perturbations of ice sheet removal (SL4.1),
and freshwater forcing (FW4.1).

4. SL7.1: Removal of 7.1 m sea level-equivalent ice sheet using the
RCP4.5 absolute ice elevation from Golledge et al.27 (Fig. 1b, d);

5. FW7.1: Freshwater forcing over 500 years adjacent to the Ant-
arctic coast, with total volume equivalent to the ice loss derived
in SL7.1;
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6. COMB7.1: Combined perturbations of ice sheet removal (SL7.1),
and freshwater forcing (FW7.1).

All perturbations are started from year 1000 of the LIG experiment
and using LIG orbital parameters and greenhouse gases. A summary
table of these experiments is given in Supplementary Dataset 3.

We chose to derive perturbations from this model27 because it is
one of few publicly available Antarctic ice sheet reconstructions that
matches the total sea-level change for the LIG. Several other ice
modelling studies have also examined ice loss changes at the LIG17,19;
these generally have a lower or similar total sea level change (3–4m)
than the scenariowehave chosen. Partofourmotivation for the choice
of ref. 27 is to obtain a large signal of change (within the bounds of LIG
sea-level change), in order tomore clearly examine themechanisms of
climate responses, rather than finding the best possible LIG ice sheet
reconstruction. In addition, the spatial pattern of AIS loss in these
experiments is similar to previous simulations of the LIG Antarctic ice
sheet17–19. Therefore, the AIS ice-mass loss forcing used here is con-
sistent with modelling and paleo-proxy estimates.

We use the Antarctic bedrock map contained in ref. 27 to deter-
mine where the ice sheet overlies either marine or terrestrial points.
Where the ice sheet is removed frommarine locations, we replace the
ice with ocean grid cells (formerly land grid cells in the model). Ocean
grid cells are set to the depth of themarine bedrock, with an additional
constraint that new ocean grid cells must have a minimum depth of
100m. This minimum depth ensures numerical stability of the newly
created shelf region. Where ice is removed from terrestrial locations,
the landgrid cells are lowered to thebedrockaltitude27. In this case, the
albedo and vegetation parameters are kept as the ‘ice’ type, to reflect
the fact that the landscape is still predominantly ice- or snow-covered.
Note that in the control run, the ocean grid is limited to 82°S, while in
the SL4.1 configuration, the ocean grid is extended to 85°S (Fig. 1 and
Supplementary Fig. S1).

Freshwater forcing
We derive a freshwater forcing distribution based on the total ice lost
between the pre-industrial and SL4.1 and SL7.1 ice sheets, converted to
an equivalent freshwater volume. We spread this around Antarctica in
binned 60° longitudinal sectors; where the total ice change in each
sector is used to determine the total freshwater forcing for that sector
(see Fig. 1a, b). The total freshwater volume is then spread around the
coastline, in the 2 surface ocean grid cells adjacent to the nearest Ant-
arctic land point; this distribution of freshwater forcing is shown in
Supplementary Fig. S12. The rate of forcing is set according to a con-
stant freshwater forcing period of 500 years, which amounts to 0.09 Sv
and 0.16 Sv for the FW4.1 and FW7.1 experiments respectively. These
rates are comparable to a maximal melting rate around 127 ka19, but
lower than aprevious climatemodelling study,which forced a 3.5mSLE
freshwater perturbation emulating a WAIS collapse in 100 years22. For
the COMB4.1 and COMB7.1 experiments, we apply both the ice sheet
removal and freshwater perturbations simultaneously. In these cases,
there are more ocean grid cells present, especially south of 80°S along
the Antarctic coast. Therefore the freshwater forcing region is some-
what larger in latitudinal extent (Supplementary Fig. S12), however the
total flux remains the same as in the FW4.1 and FW7.1 experiments.

Neutral density surfaces
For the calculation of ω-surfaces of neutral density used in Figs. 3 and
4, we use the method of Stanley et al.48. The ω-surfaces are generated
from a 50-year average of temperature, salinity and pressure output
from the model, which are then zonally averaged. The ω-surfaces are
generated at the reference location (49.5°S, 20.5°W) at depths of (100,
200, 500, 1000, 1500, 2000, 2500, 3000) m. These coordinates are in
the Weddell Sea sector, but north of the zone of deep mixed layer
depths, in order to be representative of the Southern Ocean

stratification but outside of the marginally stratified convection zone.
Note that neutral surfaces are tangential to local isopycnal surfaces at
their reference depth48, representing pathways of along-isopycnal
mixing and transport in the model.

Data availability
Themodel data presentedhere are available athttps://doi.org/10.5281/
zenodo.1019937849. We thank Nicholas Golledge for making his ice
sheet model output publicly available at https://osf.io/trwmc/.

Code availability
The GFDL CM2.1 climate model code is publicly available at https://
github.com/mom-ocean/MOM5, as part of the MOM5.1.0 release. We
thank Geoff Stanley for providing code to calculate neutral surfaces,
available at https://github.com/geoffstanley/neutralocean.

References
1. Brewer, S., Guiot, J., Sánchez-Goñi, M. F. & Klotz, S. The climate in

Europe during the Eemian: a multi-method approach using pollen
data. Quat. Sci. Rev. 27, 2303–2315 (2008).

2. Members, C.-L. I. P. Last Interglacial Arctic warmth confirms polar
amplification of climate change. Quat. Sci. Rev. 25,
1383–1400 (2006).

3. Otto-Bliesner, B. L. et al. The PMIP4 contribution to CMIP6 - Part 2:
Two interglacials, scientific objective and experimental design for
holocene and last interglacial simulations. Geosci. Model Dev. 10,
3979–4003 (2017).

4. Köhler, P., Nehrbass-Ahles, C., Schmitt, J., Stocker, T. F. & Fischer,
H.A 156kyr smoothedhistory of the atmospheric greenhousegases
CO2, ch4, andn2o and their radiative forcing.EarthSyst. Sci. Data9,
363–387 (2017).

5. Rohling, E. J. et al. Asynchronous Antarctic and Greenland ice-
volume contributions to the last interglacial sea-level highstand.
Nat. Commun. 10, 5040 (2019).

6. Robinson, A., Calov, R. & Ganopolski, A. Greenland ice sheet model
parameters constrained using simulations of the Eemian Inter-
glacial. Clim 7, 381–396 (2011).

7. Dutton, A. et al. Sea-level rise due to polar ice-sheet mass loss
during past warm periods. Science 349, aaa4019 (2015).

8. Kopp, R. E., Simons, F. J., Mitrovica, J. X., Maloof, A. C. & Oppen-
heimer, M. Probabilistic assessment of sea level during the last
interglacial stage. Nature 462, 863–867 (2009).

9. Dyer, B. et al. Sea-level trends across The Bahamas constrain peak
last interglacial ice melt. Proc. Natl Acad. Sci. 118,
e2026839118 (2021).

10. Barnett, R. L. et al. Constraining the contribution of the Antarctic Ice
Sheet to Last Interglacial sea level. Sci. Adv. 9, eadf0198 (2023).

11. Capron, E., Govin, A., Feng, R., Otto-Bliesner, B. L. & Wolff, E. W.
Critical evaluation of climate syntheses to benchmark CMIP6/
PMIP4 127 ka Last Interglacial simulations in the high-latitude
regions. Quat. Sci. Rev. 168, 137–150 (2017).

12. Hoffman, J. S., Clark, P. U., Parnell, A. C. &He, F. Regional andglobal
sea-surface temperatures during the last interglaciation. Science
355, 276 LP – 279 (2017).

13. Otto-Bliesner, B. L. et al. Large-scale features of Last Interglacial
climate: results from evaluating the lig127k simulations for the
Coupled Model Intercomparison Project (CMIP6)-Paleoclimate
Modeling Intercomparison Project (PMIP4). Clim 17, 63–94 (2021).

14. Capron, E. et al. Temporal and spatial structure of multi-millennial
temperature changes at high latitudes during the Last Interglacial.
Quat. Sci. Rev. 103, 116–133 (2014).

15. Kreuzer, M. et al. Coupling framework (1.0) for the PISM (1.1.4) ice
sheet model and the MOM5 (5.1.0) ocean model via the PICO ice
shelf cavity model in an Antarctic domain. Geosci. Model. Dev. 14,
3697–3714 (2021).

Article https://doi.org/10.1038/s41467-024-45501-x

Nature Communications |         (2024) 15:1026 9

https://doi.org/10.5281/zenodo.10199378
https://doi.org/10.5281/zenodo.10199378
https://osf.io/trwmc/
https://github.com/mom-ocean/MOM5
https://github.com/mom-ocean/MOM5
https://github.com/geoffstanley/neutralocean


16. Smith, R. S. et al. Coupling the U.K. Earth SystemModel to Dynamic
Models of the Greenland and Antarctic Ice Sheets. J. Adv. Model.
Earth Syst. 13, e2021MS002520 (2021).

17. Sutter, J., Gierz, P., Grosfeld, K., Thoma, M. & Lohmann, G. Ocean
temperature thresholds for Last Interglacial West Antarctic Ice
Sheet collapse. Geophys. Res. Lett. 43, 2675–2682 (2016).

18. Clark, P. U. et al. Oceanic forcing of penultimate deglacial and last
interglacial sea-level rise. Nature 577, 660–664 (2020).

19. DeConto, R. M. & Pollard, D. Contribution of Antarctica to past and
future sea-level rise. Nature 531, 591–597 (2016).

20. Edwards, T. L. et al. Revisiting Antarctic ice loss due to marine ice-
cliff instability. Nature 566, 58–64 (2019).

21. Seroussi, H. et al. ISMIP6 Antarctica: amulti-model ensemble of the
Antarctic ice sheet evolution over the 21st century. Cryosphere 14,
3033–3070 (2020).

22. Holloway, M. D. et al. Antarctic last interglacial isotope peak in
response to sea ice retreat not ice-sheet collapse.Nat. Commun. 7,
12293 (2016).

23. Golledge, N. R. et al. Global environmental consequences of
twenty-first-century ice-sheet melt. Nature 566, 65–72 (2019).

24. Menviel, L., Timmermann, A., Timm, O. E. & Mouchet, A. Climate
and biogeochemical response to a rapid melting of the West Ant-
arctic Ice Sheet during interglacials and implications for future
climate. Paleoceanography 25, PA4321 (2010).

25. Weber, M. E. et al. Millennial-scale variability in Antarctic ice-
sheet discharge during the last deglaciation. Nature 510,
134–138 (2014).

26. Golledge, N. R. et al. Antarctic contribution to meltwater pulse 1A
from reduced Southern Ocean overturning. Nat. Commun. 5,
5107 (2014).

27. Golledge, N. R. et al. The multi-millennial Antarctic commitment to
future sea-level rise. Nature 526, 421–425 (2015).

28. Zwally, H. J., Giovinetto, M. B., Beckley, M. A. & Saba, J. L. Antarctic
and Greenland drainage systems (GSFC Cryospheric Sciences
Laboratory, 2012).

29. Butler, A. H., Thompson, D. W. J. & Heikes, R. The Steady-State
Atmospheric Circulation Response to Climate Change-like Thermal
Forcings in a Simple General Circulation Model. J. Clim. 23,
3474–3496 (2010).

30. Masson-Delmotte, V. et al. A comparison of the present and last
interglacial periods in six Antarctic ice cores. Clim 7,
397–423 (2011).

31. Bronselaer, B. et al. Change in future climate due to Antarctic
meltwater. Nature 564, 53–58 (2018).

32. Chandler, D. & Langebroek, P. Southern Ocean sea surface tem-
perature synthesis: Part 2. Penultimate Glacial and Last Interglacial.
Quat. Sci. Rev. 271, 107190 (2021).

33. Lago, V. & England, M. H. Projected Slowdown of Antarctic Bottom
Water Formation in Response to Amplified Meltwater Contribu-
tions. J. Clim. 32, 6319–6335 (2019).

34. Moorman, R., Morrison, A. K. & Hogg, A. M. Thermal Responses to
Antarctic Ice Shelf Melt in an Eddy-Rich Global Ocean-Sea Ice
Model. J. Clim. 33, 6599–6620 (2020).

35. Pattyn, F. The paradigm shift in Antarctic ice sheet modelling. Nat.
Commun. 9, 2728 (2018).

36. Adhikari, S. et al. Future Antarctic bed topography and its implica-
tions for ice sheet dynamics. Solid Earth 5, 569–584 (2014).

37. Wilson, D. J. et al. Ice loss from the East Antarctic Ice Sheet during
late Pleistocene interglacials. Nature 561, 383–386 (2018).

38. Hayes, C. T. et al. A stagnation event in the deep South Atlantic
during the last interglacial period. Science 346, 1514–1517 (2014).

39. Sutter, J. et al. Limited Retreat of the Wilkes Basin Ice Sheet During
the Last Interglacial. Geophys. Res. Lett. 47, e2020GL088131
(2020).

40. Blackburn, T. et al. Ice retreat in Wilkes Basin of East Antarctica
during a warm interglacial. Nature 583, 554–559 (2020).

41. Delworth, T. L. et al. GFDL’s CM2 Global Coupled Climate Models.
Part I: Formulation and Simulation Characteristics. J. Clim. 19,
643–674 (2006).

42. Murray, R. J. Explicit Generation of Orthogonal Grids for Ocean
Models. J. Comput. Phys. 126, 251–273 (1996).

43. Simmons, H. L., Jayne, S. R., Laurent, L. C. & Weaver, A. J. Tidally
driven mixing in a numerical model of the ocean general circula-
tion. Ocean Model. 6, 245–263 (2004).

44. Hunke, E. C. & Dukowicz, J. An Elastic-Viscous-PlasticModel for Sea
Ice Dynamics. J. Phys. Oceanogr. 27, 1849–1867 (1997).

45. Winton, M. A reformulated three-layer sea ice model. J. Atmos.
Ocean. Technol. 17, 525–531 (2000).

46. Milly, P. C. D. & Shmakin, A. B. Global Modeling of Land Water and
Energy Balances. Part I: The Land Dynamics (LaD) Model. J. Hydro-
meteorol. 3, 283–299 (2002).

47. Steele, M., Morley, R. & Ermold, W. PHC: A Global Ocean Hydro-
graphy with a High-Quality Arctic Ocean. J. Clim. 14, 2079–2087
(2001).

48. Stanley, G. J., McDougall, T. J. & Barker, P. M. Algorithmic
Improvements to Finding Approximately Neutral Surfaces. J. Adv.
Model. Earth Syst. 13, e2020MS002436 (2021).

49. Hutchinson, D. K., Menviel, L., Meissner, K. J. & Hogg, A. Data for
manuscript: “East Antarctic warming forced by ice loss during
the Last Interglacial". Zenodo https://doi.org/10.5281/zenodo.
10199378 (2023).

Acknowledgements
This work was supported by Australian Research Council Grants
FT180100606 (LM), DP180100048 (KJM and LM), DE220100279
(DKH) and SR200100008 (LM). The simulations were undertaken
with the assistance of resources and services from the National
Computational Infrastructure (NCI), which is supported by the
Australian Government.

Author contributions
D.K.H. and L.M. led the study and designed the experiments, with advice
from K.J.M. L.M. and K.J.M. shaped the literature review and context of
the study. A.M.H. advisedonAntarctic oceancirculation and ice removal
experimental design. D.K.H. ran the experiments andwrote the first draft
of the manuscript. All authors contributed to the writing and editing of
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-45501-x.

Correspondence and requests for materials should be addressed to
David K. Hutchinson.

Peer review information Nature Communications thanks Sarah Bradley
and JohannesSutter for their contribution to thepeer reviewof thiswork.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-024-45501-x

Nature Communications |         (2024) 15:1026 10

https://doi.org/10.5281/zenodo.10199378
https://doi.org/10.5281/zenodo.10199378
https://doi.org/10.1038/s41467-024-45501-x
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-45501-x

Nature Communications |         (2024) 15:1026 11

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	East Antarctic warming forced by ice loss during the Last Interglacial
	Results
	Climate response to a partial AIS removal
	Climate response to meltwater input around Antarctica
	Climatic response to a combined partial AIS removal and enhanced meltwater input around Antarctica

	Discussion
	Methods
	Model description
	Pre-Industrial and Last Interglacial experiments
	Partial Antarctic ice sheet removal experiments
	Freshwater forcing
	Neutral density surfaces

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




