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Antarctic basal meltis crucial for the future evolution of the Antarcticice
sheet and ocean circulation. However, few Earth system models explicitly

simulate ice-shelf cavities. Here, using an Earth system model with
interactive Antarcticice-shelf cavities, we show that regional hydrography
and topography determine a cavity tipping point. The Filchner-Ronne
ice-shelf cavity will encounter such a tipping point with abrupt warm-water
intrusion, rapid basal melt increase and massive freshwater release in
response to increasing CO, levels within this century. Conversely, the

Ross Ice Shelf shows amore gradual response. Our results also suggest
that previousice-sheet modelling overestimated future ice-shelf melt,
highlighting the need for comprehensive Earth system models with
interactive ice-sheet dynamics and cavities for better climate projections.

Previous studies have suggested that the West Antarctic Ice Sheet
would collapse in a warming climate' >, causing global sea level rise
and large-scale ocean circulation changes. The Antarctic ice sheet
(AIS) undergoes complexinteractions, including surface mass balance,
ice-shelf basal melting, ice-shelf calving, glacial isostatic adjustment
and subglacial hydrology*. Among these processes, ice-shelf basal
melting plays a critical role in grounding line position, ice-shelf but-
tressing, iceberg calving and ice flow towards the ocean.

Ice-shelf basal melting remains a major uncertainty in climate
projections. Itsimpact extends to the Antarctic bottom water (AABW)
formation®” and long-term carbon sequestration in the Southern
Ocean®. Additionally, it may promote Antarctic sea-ice formation,
mitigating anthropogenic warming through the ice-albedo effect™ ™.
Freshwater experiments are amajor approach to discuss the influence
of future ice-shelf basal melting">. However, this approach has several
weaknesses. The projected freshwater flux comes fromice-sheet mod-
elling, butice-sheet models treat basal melt crudely”. The freshwater
release occurs at the calving front rather than the actual ice-shelf-
ocean interface. Most freshwater experiments prescribe freshwater
forcing in a spatially uniform pattern. The latent heat through basal
meltis usually ignored, causing anon-conserved ocean heat budget.

Ice-shelf cavity studies provide insights into projecting ice-shelf
basal melting. By explicitly simulating these cavities, previous research
revealed both the spatial pattern of basal melt rates and potential tip-
ping points of large cavities. The Filchner-Ronneice-shelf (FRIS) cavity
is suggested to cross a tipping point under warming conditions™ .
The tipping point occurs when the dense shelf water (DSW) in the
cavity becomeslighter than the modified warm deep water (mWDW),
resulting in a flooding of mMWDW into the cavity, a redirection of
coastal currents and a drastic increase in basal melt. Though receiv-
ing less research focus than the FRIS cavity, the Ross ice-shelf (RIS)
cavityisalsosuggestedto crossasimilar tipping point under warming
conditions®®*. Ona circum-Antarctic scale, studies reveal incoherent
responses of Antarctic ice shelves to future climates?, emphasizing the
critical role of sea-ice production” and the sensitivity of basal melt to
different climate states™.

Most ice-cavity research has focused on how ice-shelf cavities
would respond to a warming climate. However, their role in the Earth
system remains unclear. Here, we implement Antarctic ice-shelf cavi-
ties into an Earth system model (ESM) and conduct simulations fol-
lowing the Coupled Model Intercomparison Project Phase 6 (CMIP6)
protocol®?, Our focus is on Antarctic basal melt response and feedback
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Fig.1|Projected Antarcticice-shelfbasal melt. a, Basal melt rates under the
SSP585 scenario, showing separation between ice shelves (FRIS, East Antarctica,
RIS and West Antarctica). The pie charts display basal melt rates and proportions

Year

for different periods, indicated in light blue inb-d. b, The global mean surface air
temperature in HIST-to-SSP runs. ¢,d, The basal melt rate for FRIS (c¢) and RIS (d)
in HIST-to-SSP runs.

to future climate. Simulations begin with a 750-year pre-industrial
spin-up, followed by historical (HIST) and four Shared Socioeconomic
Pathway scenario (SSP126, SSP245, SSP370 and SSP585) simulations?.
Weexploreice-cavity effects on the climate system through two experi-
mentsets: one withice-shelf cavities (ICE runs) and another with atra-
ditional ocean set-up excluding cavities (CORE runs). Notably, iceberg
melting, accounting for approximately 45% of current AIS mass loss?®,
is notincluded owing to its large uncertainty in projections®.

Projections of Antarctic basal melt

Our results show that, under the high-emission SSP585 scenario, the
total basal melt rate of Antarcticice shelvesincreases by afactor of 2.9
by 2100 and 6.5 by 2200, relative to the pre-industrial condition with
amelt rate of 1,931 Gt yr* (Fig. 1a). Notable increases can be observed
for FRISand RIS with basal melt rates rising from178.6 t05,160.3 Gt yr™!
between the 1860s and 2190s for the former, and from 180.6 to
1,892.4 Gt yr' between the 1860s and 2190s for the latter (Fig. 1c,d).
Therelative contribution of these two large ice shelves, known now as
cold-waterice shelves, to the total basal mass loss increases from18.6%
inthe 1860s to 45.8% in the 2090s and 56.3% in the 2190s.

The response of FRIS and RIS to future warming differs between
thetwoice shelves and between the four scenarios. RIS shows accelerat-
ing basal melt rates triggered by rising global temperatures under the
SSP585 and SSP370 scenarios, while basal melt rates stay close to the
pre-industrial conditions under the SSP245 and SSP126 scenarios. In
contrast, FRIS shows abruptincreasesin basal melt rates withinashort

periodinthree of the four scenarios, namely, in the 2080s,2090s and
2150s for SSP585, SSP370 and SSP245, respectively. Before these tip-
ping points, the basal melt rates are nearly unchanged, regardless of
the global temperatureincrease (Fig. 1b). The transitionis completed
inabout10 years, with the basal melt ratesincreasing by afactor of 10.
After the tipping points, the FRIS basal melt rates continue toincrease
in scenarios SSP585 and SSP370 while remaining largely constant in
SSP245. Ensemble simulations under the SSP585 scenario confirm
the significance of FRIS crossing a tipping pointin the late twenty-first
century, with timing subject to minor variations of 10 years (Supple-
mentary Fig. 2e). Our ensemble results indicate that the simulated
Antarctic basal melt rates exhibit minimal sensitivity to variations in
initial conditions arising from internal variability.

Isolated cavity and connected cavity

In awarming climate, the increased basal melt rates for FRIS and RIS
result fromincreased heat fluxes into their cavities (Fig. 2a). These
heat fluxes are linked to warm-water intrusion. The cavities exhibit
distinct ‘cold” and ‘warm’ modes based on overturning patterns. The
cold-mode cavity has weak cavity overturning circulation, limited water
exchange with the open ocean and a coastal downwelling cell near the
ice-shelf front (Fig. 2b). Conversely, the warm-mode cavity features
strong overturning, substantial water exchange and the absence of
the coastal downwelling cell (Fig. 2d). The cold-warm shift reflects a
reorganization of circulation and water-mass formation. In the cold
mode, DSW forms at the ice-shelf front through sea-ice production,
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Fig.2|Ice-cavity overturning circulation. a, Time series of net heat flux into
FRIS and RIS cavities from HIST, SSP245 and SSP585 runs. b-d, Overturning
stream functionsin FRIS (top) and RIS (bottom) cavities for ICE-HIST 1860s (b),
ICE-SSP245 2160s (c) and ICE-SSP585 2160s (d), indicated in light blue in a. Red
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with solid contour lines indicates clockwise circulation, and blue with dashed
contour lines indicates counterclockwise circulation. The contours and the
colour bar are not uniformly spaced. TW, terawatt.

feeding the cavity water and blocking mWDW flow. In the warm mode,
owingtoreducedsea-ice productionand DSW formation,mMWDW ises
tothe continental shelf, intrudesinto the cavity and discharges ice-shelf
meltwater. Essentially, the shiftis determined by the wrestling between
DSW formation and mWDW intrusion. This mechanism aligns with
previous modelling studies™ .

However, during the cold-warm shift, FRIS and RIS exhibit distinct
behaviourinbasal melt rates (Fig. 1c,d) and heat fluxes into their cavi-
ties (Fig.2a). The FRIS cavity undergoes arapid regime shift, while the
RIS cavity experiences aslow displacement process. This difference can
be explained by cross-section plots (Fig. 3). Initially, in the 2040s, the
FRIS cavity is dynamically isolated from the open ocean, whereas the
RIS cavity is not. Specifically, the FRIS cavity contains homogeneous
cold and dense water during cold modes (Fig. 3a,e), while the RIS cavity
contains stratified water with isopycnals connected to the open ocean
(Fig. 3i,m). Geostrophic currents align with these isopycnal surfaces,
allowing the stratified RIS cavity water to receive signals from the open
ocean, while the homogeneous FRIS cavity water has minimal exchange
through geostrophic currents.

Our results reveal a critical threshold for the FRIS cavity but not
for the RIS cavity. Isopycnals act as aninvisible gate, isolating the FRIS
cavity water fromthe open ocean. As sea-ice formation decreasesina
warming climate, the cavity water becomes fresher and more buoyant
owing to a lack of salt supply. Once the cavity water becomes lighter
than mWDW, mWDW invades the cavity (Extended Data Fig. 2a-h), and
the invisible gate vanishes. In contrast, as with most other ice-shelf
cavitiesin our simulations (Supplementary Fig.1), the RIS cavity does
not exhibit a tipping point because the stratification and isopycnals
maintainaconnected stateinitially, preventing aregime shift fromiso-
lated to connected states (Extended Data Fig. 2i-p). After crossing the
tipping point, the FRIS cavity becomes ‘connected’, similar to the RIS

cavity, whose basal melt rates are primarily influenced by mWDW enter-
ing cavities through deep channelsin bottom topography. Our results
show no substantial increase in mWDW temperature (open-ocean
shelf-slope areas) under the SSP245 scenario (Fig. 3), explaining the
nearly unchanged basal meltrates of RIS (all time) and the tipped FRIS
(after the 2160s) in the ICE-SSP245 simulation.

Inaddition, the differencesin cavity geometry and ocean bathym-
etry between FRIS and RIS should not beignored. First, the difference
inice-shelf thickness determines the water exchange between the
cavities and the open ocean’. FRIS has a thickness of about 400 m at
theice-shelffront. According to the conservation of potential vorticity,
the topographic barrier forces a barotropic blocking patternin the
circulation and hydrography (Figs. 2c and 3d). Compared with FRIS,
the RIS front is thinner (about 200 m) and the topographic barrier is
weaker.Second, the slope of the ice-shelf base determines the overturn-
ing strength in ice-shelf cavities. As previous research®* suggested,
theRIS cavity naturally features weaker overturning strength thanthe
FRIS cavity because it largely lacks the ‘ice pump’ originating from the
tilting ice-shelfbase. Third, the differencein ocean bathymetry partly
determines the response time of cavities to signals from the open
ocean. The bathymetry of the FRIS cavity is sloping, while the bathym-
etry of the RIS cavity is flat. The consequence is that once the mWDW
intrudes into the FRIS cavity, gravitational force drives the water to
the grounding line. In the RIS cavity, however, a warming signal from
the ice-shelf front would take longer to travel to the grounding line
because of the flat bathymetry.

Our results show that from adynamic perspective, homogeneous
or stratified cavity water mainly determines whether the cavity will
experience rapid or slow shifting inawarming climate, respectively.In
contrast to our results, ref. 21 showed a rapid-shifting process for the
RIS cavity. We attribute this difference to the homogeneous and dense

Nature Climate Change | Volume 15 | May 2025 | 521-527

523


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-025-02306-0

FRIS

0
€
S
< -1
Q
o}
o

_» WSSP245 2040s ‘SSP245 2090s

0
€ I~ '
S
< -1
Q
7}
o

_» W SSP585 2040s SSP585 2090s

0 500 1,000 0 500 1,000
RIS
E
=
=
I
©
[a)
SSP245 2040s SSP245 2090s
E
=
=
I
o}
[a)
SSP585 2040s SSP585 2090s

0 500 1,000 0
Distance (km)

500 1,000
Distance (km)
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RIS cavity water shown in their simulation. Therefore, the projection
of cavity tipping points largely depends on simulating the evolution
ofisopycnal surfaces, whichis related to the oceanic and atmospheric
states.Indeed, previous numerical studies reveal that the possible FRIS
cavity tipping in a projection framework depends on the prescribed
atmospheric forcing'>'82°23**3 In addition in ref. 36, an unrealistic
tipping of the FRIS cavity was shown during the pre-industrial spin-up
when the eddy diffusion in Gent-McWilliams parameterization® is
set spatially constant instead of spatially varying. With a stronger
eddy-induced mixing, their model demonstrates flatter isopycnal
surfaces, which resultsin severe cross-shelf transport and warm-water
intrusion during the spin-up. Considering the substantial uncertainty
arising from divergent modelling studies and disparities between
models and observational data (Supplementary Table 1), thereis a
compelling need for modelintercomparisoninitiativesincorporating
ice-shelf cavities within state-of-the-art ESMs.

Climatic feedback of'ice cavities

Toisolate the effect of ice-shelf cavities on climate projections, we com-
parethelarge-scale circulation between ICE and CORE runs. Compared
with CORE runs, ICE runs not only extend the model domain toice-shelf
cavities, but also release freshwater differently. In ICE runs, Antarctic
freshwater flux results from explicitly calculating basal melt rates. In
contrast, CORE runs adopt a traditional treatment, assuming that AIS
isin balance. Thus, excess precipitation on AlS is delivered directly
into the adjacent coasts as surface run-off. The most noticeable dif-
ference between ICE and CORE runsis the accelerated Antarctic basal
melt observed in ICE runs under high-emission scenarios (Fig. 4a). By
2200, Antarctic freshwater release from CORE-SSP runs exhibit small

sensitivity across climate states (anomalies ranging from 0.02 Sverdrup
(Sv) in SSP126 to 0.06 Sv in SSP585). In contrast, Antarctic ice-shelf
meltwater from ICE-SSP runs exhibit notable sensitivity (anomalies
ranging from 0.02 Svin SSP126 to 0.34 Sv in SSP585) due to explicitly
simulating ice-shelf basal melting. Both ICE-SSP and CORE-SSP runs
indicate declining North Atlantic deep water (NADW) formation under
awarming climate (Fig. 4b). Interestingly, the differences between ICE
and CORE within the same scenario are not substantial, suggesting that
the Antarcticice-shelf meltwater has aminorimpact on NADW forma-
tion*, Though massive Antarcticice-shelf meltwater freshens the upper
Atlantic Ocean, it does not create ameridional density gradientin the
Atlantic basin (Extended Data Fig. 31), acrucial factor controlling NADW
strength®. Regarding AABW formation (Fig. 4c), considerable differ-
ences in strength and decadal-scale trends emerge between ICE and
CORE runs. Both ICE and CORE runs show declining AABW formation
underawarming climate. However, ensemble members exhibit consid-
erable uncertainties in AABW projections (Supplementary Fig. 2c,d).
This is because the coupled model features a centennial-scale natu-
ral variability in Southern Ocean convection*’. Therefore, different
branch-offyears of the individual ensemble members lead to different
phases of Southern Ocean convection (Supplementary Fig. 3).
Inapre-industrial climate, considering ice-shelf cavities rectifies
AABW formationsitesin the model (Fig. 5). Compared with CORE-HIST,
ICE-HIST exhibits shallower mixed layer inthe open oceanbut deeper
on the Antarctic continental shelf. Additionally, ICE-HIST shows less
pronounced open-ocean polynyas in the Weddell Sea. These changes
suggest that compared with CORE-HIST, ICE-HIST features more dense
water formed on the continental shelf owing to brine rejection and less
dense water formed in open-ocean polynyas owing to surface cooling
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meltanomalies for 2050 and 2100 from ref. 44 and ref. 2, respectively. The NADW
formation is estimated from the positive maximum of the Atlantic MOC stream
function (40 °N-80 °N). The AABW formation is estimated from the negative
maximum of the global MOC stream function (80 °S-50 °S). All time series apply
a5-year moving average.

(Supplementary Figs.4 and5). Crucially, ICE runs considerably reduce
theintensity and depth of open-ocean deep convection, whichis spuri-
ously highin the CORE runs and many CMIP6 models*. Thisis because
ofthreereasonsasfollows: (1) latent heat is considered during ice-shelf
basal melting. Therefore, supercooled ice-shelf meltwater contributes
to AABW and favours AABW sinking at continental shelf-slopes in
ICE runs (Extended Data Fig. 4h); (2) the sinking of ice-shelf meltwa-
ter results in a cooler deep Southern Ocean (Extended Data Fig. 4€),
reducing deep ocean heat accumulation and upwards heat flux, thus
mitigating open ocean polynyas, which solves similar problems in
previous modelling studies***>*}; and (3) ice-shelf meltwater is released
attheice-shelf-oceaninterface. It also mitigates open-ocean polynyas
byimpacting subsurface stratification and blocking upwards heat flux
(Extended DataFig.4g).

In a warmer climate, an enhanced hydrological cycle (that is,
increased precipitation over the Southern Ocean) and areduced Ant-
arctic sea-ice formation mainly explain the weaker AABW formation
in both experiments. In addition, the disappearance of open-ocean
polynyas causes the reduction of AABW formationin CORE runs, while
increased ice-shelf basal melt and the related freshening of water
contribute to the reduction of AABW formation in ICE runs. Notably,
assea-ice extent shrinks to the Antarctic continental shelfinawarmer
climate, surface cooling (thatis, upwards air-sea heat flux) contributes
more to DSW formation than in a colder climate, when extensive sea
ice isolates the ocean from the atmosphere (Supplementary Fig. 6).
The increase in DSW formation owing to surface cooling explains the
slightincrease of AABW formationaround 2100 in both ICEand CORE
simulations, for example, aslightly higher AABW formationin the 2110s
compared with the 2070s in ICE-SSP585 (Fig. 4¢).

Furthermore, considering hydrosphere-cryosphere interaction
in our ESM reveals two previously unnoticed processes. First, our

ice-cavity simulations demonstrate a delayed basal melt response to
climate warming. Our results show a 0.12 Sv Antarctic ice-shelf melt-
water anomaly by 2100 under the SSP585 scenario, similar toref.21and
larger thanref.23.1ce-sheet modelling studies*** predicted higher basal
melt rates under the extreme emission scenario (0.07 Sv until 2050
and 0.18 Sv until 2100; Fig. 4a). The deviation arises from neglecting
ice-cavity processesinice-sheet models. As the propagation of warming
signalsinice-shelf cavities takes time, ice-cavity simulations feature a
lag between the open-ocean warming and the basal melt increasing,
which can be indicated by the temperature decrease from continen-
tal shelf break to the grounding line (Fig. 3). Therefore, an ice-sheet
model forced by the bottom temperature on continental shelf tends
tooverestimate basal melt rates. Second, ice-shelf meltwater exhibits a
seasonal cycle, with peak melting in austral summer and minimal melt-
inginaustralwinter. However, freshwater forcing experiments typically
ignore this seasonality’®. Compared with winter-released freshwater,
summer-released freshwater is negligible in expanding sea-ice areas
and reducing anthropogenic warming through the ice-albedo effect
(Extended DataFig.5). Therefore, erasing the seasonality of freshwater
forcing would overestimate winter-released freshwater and under-
estimate summer-released freshwater, while in total overestimating
sea-ice formation.

Concluding remarks

Weintroduce Antarcticice-shelf cavitiesinto the ocean component of
a complex ESM. By showing the responses and feedbacks of the Ant-
arcticice-shelf cavities froma climate perspective, we suggest that the
representation of the cryospheric feedback in an ESMis substantially
improved when interactive ice sheets and their cavities are involved,
and one can better estimate basal melt, grounding lineretreat and sea
level rise with such an ESM. Therefore, one future direction is to set

Nature Climate Change | Volume 15 | May 2025 | 521-527

525


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-025-02306-0

ICE-HIST (1851-1899)

CORE-HIST (1851-1899)

ICE minus CORE

a _ (m) b _ (m) (m)
600 600 300
150
= 400 400
©
£ o
a
—
=
200 200
-150
-300
0
(%) (%)
100 100
30
= 80 80
9] 15
£
I 60 60
=3 0
12
3 40 40
§ 15
20 20
-30
0 0

Fig. 5| Southern Ocean mixed-layer depth and sea-ice concentration.

a-c, The climatological maximum of monthly mixed-layer depth in ICE-HIST
(a) and CORE-HIST (b) simulations and the difference between ICE-HIST and
CORE-HIST (c).d-f, The September sea-ice concentration in ICE-HIST (d) and

CORE-HIST (e) simulations and the difference between ICE-HIST and CORE-HIST
(). Mixed-layer depth (MLD) is defined by the 0.03 kg m™ density difference
criterion. The results are averaged from 1851 to 1899.

up afully coupled ESM with dynamicice sheets, flexible cavity shapes
andiceberg calving to study past, present and future climate changes.
Itis also important to acknowledge that our CMIP6-type simulation
still employs relatively low horizontal and vertical resolutions. The
representation of the Antarctic shelf-slope current system and the
descent of AABW into the abyss in our study is not as accurate as in
high-resolution studies®**. Therefore, another future direction is
to explore a high-resolution ocean set-up thatincludes ice-shelf cavi-
ties to gainamore comprehensive understanding of Southern Ocean
dynamics.
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Methods

Model description

Inthis work, we simulate Antarcticice-shelf basal melt rates using the
Alfred Wegener Institute Earth System Model (AWI-ESM2). AWI-ESM2
is a fully coupled ESM comprising the ocean-sea-ice model FESOM2
(ref. 48), the atmosphere model ECHAMG (ref. 49) and the land sur-
face model JSBACH***, As a submodel of ECHAM®6, JSBACH provides
interactive vegetation dynamics and hydrologic cycles. The coupled
model was first introduced in ref. 52 and has been validated for both
paleo and present climates® ¢,

Astandard configuration of AWI-ESM2 includes the following. The
oceanic component FESOM2 applies a CORE-lIlmesh with 48 unevenly
distributed layers in the vertical direction”. The atmospheric com-
ponent ECHAMG6 applies a T63 Gaussian grid and 47 layers based on
a hybrid sigma-pressure coordinate. The land surface component
JSBACH appliesaT63 Gaussian grid with five soil layers to calculate the
energy balance and thermal diffusion on land, and the subgrid scale
heterogeneity in JSBACH is represented by 11 tiles in each grid box.
The time step is 450 s for ECHAM6/JSBACH and 1,800 s for FESOM2.
The coupling time step, representing the frequency of data exchange
between the atmospheric and oceanic components, is 3,600 s.

Ice-shelf cavities are a feature of FESOM2 following the model
inref. 58. Similar to the ocean bathymetry, ice shelves provide a solid
upper boundary inthe ocean model. Inthe cavities, the ocean surface
is the ice-shelf-ocean interface instead of the atmosphere-ocean
interface. Therefore, all atmosphere-ocean interactions and sea-ice
processes are replaced by the momentum, heat and salt flux at the
ice-shelf base. The momentum flux considers frictional stress pro-
vided by a solid ice-shelf boundary, while the heat and salt fluxes are
parameterized following previous studies*~*’. Moreover, the heat and
salt fluxes adopt velocity-dependent coefficients asin ref. 60. During
the simulations, cavity geometry and ocean bathymetry are fixed.

FESOM2 supports an Arbitrary Lagrangian-Eulerian vertical
coordinate*®”’, which assembles different vertical coordinates in the
same framework. A standard configuration selects a variant of the
z-coordinate, namely, the z-star coordinate, where the total change
in sea surface height is equally distributed over all water grids in the
vertical, except the grid involving the ocean floor. When ice-shelf
cavitiesare considered, cavity grids adopt an approximation of linear
free surface, while open ocean grids remain full free surface. Under the
condition of linear free surface, the volume of each grid cellin cavities
is fixed, and the freshwater flux through ice-shelf-ocean interface is
treated as a virtual salt flux.

This study aims to conduct long-term simulations of the multi-
sphere complex Earth system. Owing to computing limitations, the
mesh used does not explicitly resolve mesoscale eddies. Therefore,
the Gent-McWilliams parameterization® with Redi isoneutral diffu-
sion® is applied in ocean models. Particularly, we use an improved
Gent-McWilliams scheme® designed to better handle weakly stratified
areas by solving a local vertical structure of eddy-induced transport
with a one-dimensional boundary-value equation. In addition, the
eddy-diffusion coefficient is adjusted by a horizontal damping scale
on the basis of mesh resolution, preventing the overestimation of
eddy-induced transport where the model canresolve large eddies with
mesh sizes of up to~15 km.

Model meshes

The CORE-Ilmeshisacommonly used unstructured ocean mesh resolv-
ing different ocean scales in FESOM2 and AWI-ESM2. It is character-
ized by low resolution (1°) in mid-latitude areas and high resolution
at coastal regions, the equator (0.33°) and north of 50 °N (25 km).
However, the CORE-Il mesh does not include the Antarctic ice-shelf
cavities. To conduct anumerical study exploring areas under the Ant-
arcticice shelves, we use amesh extension strategy. The mesh extension
strategy keeps the existing CORE-Il mesh while adding more triangles

and nodes to the boundaries. Compared with creating an entirely new
mesh, the mesh extension strategy limits all changes to the Antarctic
area, thus avoiding the possibility that mesh differences in the far field
also affect the results.

Originating from the CORE-Il mesh, we first generate the
CORE-MAX mesh, extending to the sea level lines under the AlS, that
is, theintersection of the present sealevel and Antarctic bedrock. Con-
sidering the purpose of the CORE-Il mesh, whichisto study long-term
climate with a moderate computational cost, the resolution of the
additional sectors covering the groundedice-sheet andice-shelf cavi-
tiesis 16 kmonaverage. The CORE-MAX meshis not used in this study
but is meant to serve as amother mesh for further research on ocean
responses to the future AlS evolution. In this work, we apply a child
mesh, CORE-ICE, whichis generated by dropping out the areas covered
by groundedice sheetsinthe mother mesh (CORE-MAX), similarto the
strategy developedinref.34 foracoupledice-sheet-ocean model with
FESOM-1.4 asthe ocean component. The ocean bathymetry and cavity
geometry of AIS are derived from the RTopo-2 dataset®.

Itshould be noted that not only the oceanmesh butalso theland-
sea mask in the atmosphere model should be changed in a model
configuration with Antarcticice shelves. Since ice-shelf areas provide a
glacier-like boundary condition to the atmosphere, the land-seamask
file for ECHAM6/JSBACH was also modified accordingly.

Simulation description

The ocean component is initialized from the Polar Science Center
Hydrographic Climatology®*, and the hydrography inside ice-shelf
cavitiesisinitialized via extrapolation. We first conduct two 1,000-year
spin-up simulations under a pre-industrial climate with CORE-Il mesh
and CORE-ICE mesh, respectively. The simulations are named CORE-PI
and ICE-PIL. From the pre-industrial simulations, the HIST simulations,
CORE-HIST and ICE-HIST, are branched off at the 750th model year.
CORE-HIST and ICE-HIST are integrated from 1851t0 2014. Then, from
theend of the HIST simulations, each simulation bifurcatesinto four SSP
scenarios, ranging from2015t02200. Though astandard SSP scenario
run ends in the year 2100, we extend them to 2200 to observe more
effects of ice-shelf cavities. For simulation between 2100 and 2200, the
anthropogenicforcingfilerelated toland use is extrapolated using the
values in 2100, while for greenhouse gases, we apply values from ref.
27.Allexperiments are conducted with the AWI-developed ESM tools®.

Antarctic freshwater input should be treated carefully in simula-
tions. CORE runs apply a traditional way to treat Antarctic freshwater
input based on amass balance of AIS. Specifically, CORE runs discharge
excess precipitation on AlS to the nearest coastal ocean grid point as
surface run-off. Incontrast, ICE runs consider freshwater input as melt-
ing at the ice-shelf base, which is parameterized in FESOM2. To avoid
redundancy of freshwater forcing, we shut down the Antarctic surface
run-offin ICE runs. By default, both CORE and ICE runs apply volume
and salt conservation over the global ocean. However, considering
the accelerating ice-shelf basal melt during the HIST-to-SSP periods,
we do not conserve the global volume and salt content inthe ICE-HIST
and ICE-SSP runs.

To assess the robustness of our model results, we apply ensemble
simulations for both ICE and CORE runs during the HIST-to-SSP585
scenario period. Each ensemble contains nine members, character-
ized by different branch-off years from the corresponding spin-up
simulation. Nine branch-off points range from year 650 to 850 with
aninterval of 25 years. The approach of creating an initial-condition
ensembleis aimed torepresent the influence of internal variability on
ourresearch focus®. The nine ensemble members arein order named
ICE/CORE-ens1to ICE/CORE-ens9. Note that ICE/CORE-ensS5is identical
to the ICE/CORE-HIST and ICE/CORE-SSP585 simulations.

In addition, to investigate the influence of Antarctic freshwater
input on water-mass distribution in the Southern Ocean, we add pas-
sive tracers in the HIST and SSP scenario runs. We assume that the
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freshwater released from Antarctica contains passive tracers whose
concentration is unity. In CORE runs, the passive tracers are released
along with surface run-offfrom Antarctica, whilein ICE runs, those are
released along with Antarctic ice-shelf meltwater.

We should also mention that the ICE runs do not consider a
changing cavity geometry, including ice-shelf thickness change,
grounding-line retreat and ice-shelf calving. Iceberg melting is also
not considered in this work.

Density framework diagnosis

The density frameworkin FESOM2is explainedinrefs. 66,67. The diag-
nostic module facilitates the calculation of meridional overturning
circulation (MOC; Supplementary Fig. 1i) in a density coordinate,
effectively addressing the limitation of representing MOC in a depth
coordinate. Specifically, this approach rectifies the representation of
the Deacon cellin the Southern Ocean®®. In this work, the calculation of
NADW/AABW formationis based on Atlantic/global MOC in a density
coordinate.

The global MOC in density coordinates intuitively illustrates
water-mass formation in both pre-industrial and extreme warm-
ing states (Extended Data Fig. 6). Despite the decline of NADW and
AABW formationin awarmer climate, differences in water properties
between ICE and CORE runs are highlighted. For example, ICE-HIST
demonstratesadenser and stronger AABW cell than CORE-HIST in the
pre-industrial state (Extended Data Fig. 6b) owing to the contribution
of ice-shelf meltwater in AABW. In addition, though massive ice-shelf
meltwater in ICE-SSP585 does not result in a weaker NADW, its NADW
cellisindeed shallower than CORE-SSP585in density space (Extended
Data Fig. 6d), which coincides with the fresher upper Atlantic basin
(Extended Data Fig. 3I).

Furthermore, the model computes surface diapycnal transfor-
mation rates resulting from surface heat flux and surface salt flux.
Therefore, the density MOC can be decomposed by different oceanic
processes, including surface heat flux, surface salt flux and internal
mixing®. The decomposition could provide a more detailed explana-
tion of the AABW differences between ICE and CORE. For example,
ICE-HIST features more AABW formation through brine rejection than
CORE-HIST (Supplementary Fig. 4c). In contrast, CORE-HIST displays
a deep cell formed owing to surface cooling, around 36.96 kg m™,
indicating the deep mixed water located at open-ocean polynyas (Sup-
plementary Fig. 4f). This can be furtherindicated by surface water-mass
transformation atindividual density levels (Supplementary Fig. 5p).

A horizontal integration of surface water-mass formation rates
over the Antarctic continental shelf represents DSW formation. In a
warmer climate, the ice-shelf melting in ICE-SSP585 results in DSW
formation moving to a shallower density level, a change that is minor
in CORE-SSP585 (Supplementary Fig. 6). Notably, inawarmer climate,
despite that an enhanced hydrological cycle (that is, increased pre-
cipitation over the Southern Ocean) and a reduced Antarctic sea-ice
formation largely weaken DSW formation through brine rejection,
DSW formation through surface cooling slightly increases. This is
because the sea-ice extent shrinks to the Antarctic continental shelf,
and upwards air-sea heat flux contributes more to DSW formation
owingtoalack of sea-iceisolation.

Model validation

Though AWI-ESM2 has been validated in many studies, this study exam-
ines the ice-cavity module in the ocean component FESOM2. In this
section, we show the basal melt rates from both AWI-ESM2 and FESOM2
simulations and compare them with previous studies. The AWI-ESM2
simulation refers to the HIST period of the ICE ensemble mentioned
above. The FESOM2 simulation applies the same model configuration
as AWI-ESM2but is an ocean-only simulation driven by the atmospheric
forcingJRAS55-do” from1958 t0 2020. Note that ensemble simulations
arenot applied for the ocean-only set up.

Basal meltrates fromour simulations are integrated over different
areas, as shown in Supplementary Fig. 1i. These values are compared
with those estimated from other studies via observation or modelling
(Supplementary Table1). Boththe FESOM2 and AWI-ESM2 results pre-
sented in Supplementary Table 1 are averaged from model year 2001
to 2010. The basal melt rates and their uncertainties from AWI-ESM2
aregiven by the ensemble meanand1s.d.

Compared with the estimates of basal melt rates based on obser-
vational data, model studies reveal large uncertainty. Our FESOM2
simulation agrees well with the observational dataregarding the total
basalmelt rate, but features a significantly lower basal melt rate for the
Amundsen Sea (area G) and higher for the RIS (area F) and the Eastern
Weddellregion (area C). In contrast, the AWI-ESM2 simulation largely
overestimates the basal meltratesin the Eastern Weddell region (area
C), the Amery Ice Shelf (area D), RIS (area F) and the Bellingshausen
Sea (areaH). The defined areas are shown in Supplementary Fig. 1i.

The FESOM2results suggest that the ice-cavity module canrepro-
duce current basal melt rates for most Antarctic ice shelves. AWI-ESM2
exhibits a larger bias in basal melt rates than FESOM2 owing to its
larger hydrographic bias in the ocean. A freely developing atmos-
pheric component causes the coupled model to be less constrained
and more biased than an ocean-only model forced by a prescribed
atmospheric forcing field. This is commonly found in many other
coupled simulations.

Data availability

Theraw model outputisnot deposited into a public datarepository due
toitssize. Essentialintermediate results for reproducing the paper’s fig-
uresare available viaZenodo at https://zenodo.org/records/14186137
(ref. 71). Fullraw model output is available upon request from the cor-
responding author.

Code availability

Model source codes, configuration files, mesh files, post-processing
and visualization codes are archived and available viaZenodo at https://
zenodo.org/records/14186137 (ref.71). Simulation results are available
uponrequest from the corresponding author.
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Extended Data Fig. 1| Model meshes and section locations. (a) Meshes: CORE-Il Solid grey lines represent the AIS extent, identical to the calving front forice

(blue/orange), CORE-ICE (blue/orange/red) and CORE-MAX (except grey). shelves. Dashed black lines indicate the section plot locations. Dotted black lines
Orange mesh represents open-ocean areas in CORE-Il but ice shelf cavities in indicate the northern boundaries for calculating overturning streamfunctions
CORE-ICE. White mesh represents areas of grounded ice sheets. Black line shows in FRIS and RIS cavities. In ice-cavity streamfunction plots (Fig. 2), the x-axis is
the AIS extent in the model. (b,c) Colours show ocean bathymetry in the model. normal to the dotted black lines.
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Extended DataFig. 2| Annual-averaged time series of key indicators from

the HIST-to-SSP585 runs. Indicatorsinclude (a) total sea-ice volume over the
Weddell Sea continental shelf, (b) bottom salinity averaged over the Weddell Sea
continental shelf, (c) bottom potential temperature averaged over the Weddell
Sea continental shelf, (d) bottom salinity averaged in FRIS cavity, (e) bottom
potential temperature averaged in FRIS cavity, (f) net heat flux into FRIS cavity,
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(g) overturning strength in FRIS cavity, (h) basal melt rate of FRIS. Panels (i-p)
correspond to panels (a-h) but for the Ross Sea continental shelf/RIS cavity. The
Weddell Sea continental shelf area is the open oceanin 62 °W-20 °W, south of
70 °S and shallower than 1000 m; the Ross Sea continental shelf areais the open
oceanin160 °E-150 °W, south of 72 °S and shallower than 1000 m. Light blue
shading indicates the tipping point of FRIS cavity in ICE-SSP585 simulation.
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Extended Data Fig. 3 | Stratification in the Atlantic basin from ICE and CORE from CORE-HIST (1860s) but are shown by the differences between ICE and CORE
runs. (a-c) Section plots of hydrography (potential temperature, salinity and runs. (g-i,j-1) The same as (a-c) and (d-f) but for the 2160s under the SSP585
potential density) in the Atlantic basin from ICE-HIST (1860s). (d-f) Section plots scenario.
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Extended Data Fig. 4 | Stratification in the Weddell sector from ICE-HIST The meridional section is zonally averaged from 10 °W to 10 °E, witha1°
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inthe Southern Ocean. Panels (e-h) show differences between ICE and CORE.
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Results come from ICESSP585 and CORE-SSP585.
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Extended Data Fig. 6 | Global meridional overturning streamfunctions in streamfunctions in CORE runs, but the colours show differences between ICE
density coordinates. (a,c) Overturning streamfunctions in ICE-HIST (1860s) and CORE (ICE minus CORE). Density coordinate 0, denotes potential density
and ICE-SSP585 (2160s). Red solid contours indicate clockwise circulation; blue referenced to 2000 m depth. The contours and the colour bar for panels (a) and
dashed contoursindicate counterclockwise circulation. (b,d) Differencesin (c) are not uniformly spaced.

overturning streamfunctions between ICE and CORE. The contour lines show
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