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ABSTRACT

Exceeding the 1.5 °C Paris Agreement limit is now unavoidable, raising a critical question: how does the overshoot duration

affect Antarctica’s contribution to sea-level rise? Here we use an ice-sheet model to compare scenarios in which high-emissions

forcing (SSP3-7.0) persists for 20, 50, 75 or 100 years before returning towards a low-emissions pathway (SSP1-2.6). When

atmospheric and ocean forcing recover together, the additional contribution relative to sustained low forcing remains below

3 mm sea-level equivalent (SLE) by 2300 after 20–50 years of high forcing, but increases nonlinearly to 8.6 and 21.5 mm SLE

after 75 and 100 years, respectively. When atmospheric and ocean forcing both recover after 50 years of high forcing, the

additional contribution is only 2.3 mm SLE. However, this contribution increases to 44.1 mm SLE when ocean forcing is kept

high for a further 50 years, in line with expectations of delayed ocean recovery, even while atmospheric forcing declines. Thus,

shortening the overshoot duration limits Antarctica’s additional contribution to sea-level rise, but the benefit depends strongly

on how quickly ocean temperature declines.

Introduction

Limiting global warming to 1.5 ◦C above pre-industrial levels is a central goal of the Paris Agreement, but exceeding this limit is

now assessed as unavoidable under current policies and alternative near-term emissions trajectories [1]. A temperature overshoot

occurs when global warming temporarily rises above a specified threshold before returning below it. The consequences of

overshoot depend on peak warming, the duration of exceedance and the rate of subsequent cooling, including whether affected

systems might cross tipping points or recover as warming declines [1, 2]. However, these consequences remain poorly

constrained for ice sheets, whose slow response can sustain impacts for centuries or millennia after atmospheric temperatures

decline.

Antarctic recovery depends strongly on ocean conditions. Overshoot simulations show that ocean warming can persist after

global surface temperatures decline because the ocean interior adjusts slowly [3, 4, 5]. Continued ocean-driven ice losses are

therefore expected even during atmospheric cooling [6, 7]. Ocean-driven melting beneath ice shelves can weaken buttressing,

enhance grounding-line retreat, and increase grounded-ice discharge. Ocean adjustment, ice-sheet inertia and hysteresis

can prolong sea-level contributions for centuries after atmospheric temperatures decline [5, 7, 8, 9], making end-of-century

temperature or sea-level change incomplete measures of Antarctic risk. The question is therefore whether climate recovery

following an overshoot can halt further loss, and how the timing of atmospheric and ocean recovery affects the outcome.

Marine-based Antarctic sectors are particularly vulnerable because retrograde bed topography and ice-shelf feedbacks can

trigger self-sustaining grounding-line retreat [8, 10, 11], with responses varying among drainage basins [12]. For Greenland,

cooling after overshoot can limit long-term ice loss, but idealised simulations still produce peak sea-level contributions of

about 0.5 m under rapid recovery and several metres under slower cooling [13]. Most published Antarctic projections examine

prescribed emissions pathways through 2100 or 2300, revealing substantial differences among forcing pathways, models



and sectors [14, 15, 16, 17, 18]. Recent coupled Earth system–ice-sheet simulations have explored Antarctic responses to

climate overshoot and reversal, highlighting that surface mass balance (SMB), basal melting and ice dynamics complicate the

relationship between global temperature and Antarctic mass change [19]. However, how overshoot duration and delayed ocean

recovery separately shape Antarctica’s additional sea-level contribution remains poorly constrained.

Here we quantify how overshoot duration, represented by the prescribed duration of high climate forcing, and the relative

recovery times of atmospheric and ocean forcing shape Antarctica’s sea-level contribution through 2300. Using a continental-

scale Antarctic ice-sheet model developed for the Ice Sheet Model Intercomparison Project for CMIP7 (ISMIP7), we simulate

ice-sheet evolution from a common 2015 initial state under CESM2-WACCM climate forcing. LOW follows an SSP1-2.6-

derived low-forcing pathway, whereas HIGH uses SSP3-7.0-derived forcing. Four idealised overshoot experiments apply HIGH

for 20, 50, 75 or 100 years before a 10-year transition to LOW (HIGH20, HIGH50, HIGH75 and HIGH100; Fig. 1; Table 1).

These prescribed high-forcing intervals represent a proxy for overshoot duration, not the time global temperature exceeds

1.5◦C. Further experiments vary forcing magnitude, atmospheric and ocean recovery timing, climate forcing and ice-sheet

model physics. We define Antarctic sea-level contribution (ASC) as the cumulative contribution to global mean sea level since

2015, and ∆ASC as its difference from the corresponding LOW simulation.

Longer climate overshoot increases Antarctica’s additional sea-level contribution

We first quantify how the duration of HIGH forcing during the overshoot experiments affects Antarctica’s additional sea-level

contribution relative to LOW by 2300. Under LOW, the cumulative ASC reaches 222.9 mm SLE by 2300 and continues to

increase at the end of the simulation (Fig. 2a). Relative to LOW, the additional contribution, ∆ASC, increases with the duration

of high forcing, reaching 1.7, 2.3, 8.6 and 21.5 mm SLE under HIGH20, HIGH50, HIGH75 and HIGH100, respectively

(Fig. 2b). The increase from HIGH75 to HIGH100 (12.9 mm) is nearly twice that from HIGH20 to HIGH75 (6.9 mm), hence

there is a nonlinear response to the high-forcing duration (Fig. 2c). These overshoot scenarios produce much smaller additional

contributions than sustained HIGH forcing, under which ∆ASC reaches 65.2 mm SLE by 2300. Recovery towards LOW is

slower under HIGH75 and HIGH100: ∆ASC peaks at 12.7 mm SLE in 2215 and 27.2 mm SLE in 2252, respectively, before

declining to 8.6 and 21.5 mm SLE by 2300 (Fig. 2b).

The duration of HIGH forcing affects the additional sea-level contributions of the three main ice-sheet sectors by 2300

(Fig. 2d). Under HIGH20 and HIGH50, the additional contribution at 2300 is dominated by East Antarctica but remains

modest, at 1.8 and 2.2 mm SLE, respectively. In both experiments, the East Antarctic contribution peaks early, at approximately

4.0 mm SLE in 2033, and is smaller thereafter (Supplementary Fig. S5). Under HIGH75, the additional contribution peaks

at 6.1 mm SLE in East Antarctica in 2194 and 7.1 mm SLE in West Antarctica in 2215, before declining to 5.1 and 3.8 mm

SLE, respectively, by 2300 (Supplementary Fig. S5). East Antarctica therefore remains the larger contributor at 2300, despite

the increased West Antarctic response (Fig. 2d). Under HIGH100, West Antarctica becomes the dominant source by 2300,

contributing an additional 14.0 mm SLE compared with 7.6 mm from East Antarctica. In all four experiments, there is a

reduced contribution from the Antarctic Peninsula by 2300 compared to LOW (Supplementary Table S4).

The response to high-forcing duration is spatially heterogeneous, with the largest sensitivity in the Amundsen Sea

Embayment (basin G–H) and Weddell Sea (basin J–Jpp) drainage basins (Supplementary Figs. S6 and S7). In basin J–Jpp,

∆ASC increases from −1.1 mm SLE under HIGH20 to 17.1 mm SLE under HIGH100. In contrast, ∆ASC in basin G–H

decreases from +1.0 to −5.0 mm SLE despite having the largest cumulative ASC under HIGH100 (177 mm SLE). The greater

cumulative grounded-ice SMB in G–H under HIGH100 than HIGH20, equivalent to ∼5.7 mm SLE, is consistent with enhanced

snowfall under warmer atmospheric forcing partly offsetting ocean-driven ice loss. Together, these experiments show that

shortening the high-forcing duration limits Antarctica’s additional sea-level contribution when atmospheric and ocean forcing

recover together.

We next examine the effects of forcing magnitude and persistence (Fig. 2e). We compare SSP3-7.0-derived HIGH and

SSP5-8.5-derived EXTREME forcing applied for 100 years before recovery towards LOW, or maintained through 2300 (Fig. 2e).

For the same 100-year high-forcing duration, EXTREME100 produces an additional Antarctic sea-level contribution of 48.8 mm

SLE by 2300, compared with 21.5 mm SLE under HIGH100. Among the tested pathways, only sustained EXTREME forcing

produces an additional contribution exceeding 1 m by 2300, reaching 1.73 m SLE (Fig. 2e). Thus, forcing recovery can largely

reduce Antarctica’s additional sea-level contribution even after prolonged exposure to stronger forcing.

We then compare the idealised experiments with the CMIP6 SSP5-3.4-over pathway (OVER534; Fig. 1c), a scenario-based

overshoot trajectory in which SSP5-8.5 emissions are followed by strong mitigation from around 2040 [20], with the resulting

climate forcing evolving more gradually than our prescribed 10-year transition to LOW. By 2300, OVER534 produces an

additional contribution of 70.4 mm SLE relative to LOW, compared with 48.8 mm SLE under EXTREME100, 21.5 mm

SLE under HIGH100 and 65.2 mm SLE under sustained HIGH (Fig. 2e). OVER534 remains closer to HIGH100 during the

early recovery period, but approaches EXTREME100 by around 2250 and exceeds both by 2300 (Fig. 2e). Over 2125–2300,

EXTREME100 more closely matches OVER534 than HIGH100, with a lower root-mean-square difference (14.1 versus
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23.3 mm SLE; Supplementary Fig. S11b). These comparisons show that the idealised experiments capture aspects of the

OVER534 response, although the OVER534 comparison does not isolate the separate effects of high-forcing duration, forcing

magnitude and recovery trajectory.

Delayed ocean recovery amplifies ice loss as snowfall compensation weakens

Ocean warming beneath Antarctic ice shelves can persist even after the atmosphere cools. Coupled ice-sheet–ocean simulations

show that the Filchner–Ronne cavity can take more than a century to return to a cold state after climate forcing is reversed

[21]. Using HIGH50 as a reference, we test how this ocean memory affects Antarctica’s post-overshoot sea-level contribution

by independently varying atmospheric and ocean-forcing recovery after a common 50-year period of high forcing (Fig. 3;

Fig. 1b). When atmospheric forcing begins to recover but ocean forcing remains high for a longer period, ∆ASC continues

to grow (Fig. 3a). Relative to synchronous recovery (HIGH50; 2.3 mm SLE by 2300), delaying ocean recovery by 20

years (OCEAN-LAG20) increases ∆ASC to 12.4 mm SLE, while a 50-year delay (OCEAN-LAG50) increases it to 44.1 mm

SLE. Maintaining high ocean forcing throughout the simulation (OCEAN-PERSIST) increases the additional contribution to

159.3 mm SLE (Fig. 3a,e).

The atmospheric and ocean forcing have opposing effects on the net sea-level response. When atmospheric forcing

remains high but ocean forcing recovers without lag (ATM-PERSIST), ∆ASC reaches −95.3 mm SLE by 2300 (Fig. 3a,d). In

contrast, OCEAN-PERSIST produces positive contributions of 96 and 58 mm SLE from West and East Antarctica, respectively

(Fig. 3d), and a larger whole-Antarctic contribution than sustained HIGH (159 versus 65 mm SLE relative to LOW) despite

both retaining high ocean forcing. Atmospheric recovery in OCEAN-PERSIST reduces grounded-ice SMB and weakens the

snowfall compensation that offsets ocean-driven ice loss under sustained HIGH (Supplementary Fig. S12).

To test whether this atmospheric compensation also matters when ocean forcing eventually recovers, we compare OCEAN-

LAG50 with HIGH100. Both prescribe 100 years of high ocean forcing, but atmospheric forcing begins to recover after 50

years in OCEAN-LAG50 and after 100 years in HIGH100. By 2300, OCEAN-LAG50 produces 22.6 mm SLE more ∆ASC

than HIGH100 (Fig. 3a,d). Between 2065 and 2300, cumulative grounded-ice SMB is greater under HIGH100 by an amount

equivalent to 20.2 mm SLE, consistent with increased snowfall partly compensating for ocean-driven ice loss (Supplementary

Fig. S13). These comparisons show that earlier atmospheric recovery can weaken snowfall compensation while elevated ocean

forcing continues to drive ice loss.

Regional shifts in the response across drainage basins

Delayed ocean recovery broadens the additional sea-level contribution across Antarctica. Under HIGH50, positive ∆ASC is

confined to 8 of the 18 drainage basins, increasing to 11 under OCEAN-LAG20, 16 under OCEAN-LAG50 and 17 under

OCEAN-PERSIST (Supplementary Fig. S14). Under OCEAN-PERSIST, the five leading basins contribute 127.3 mm SLE,

approximately 80% of the whole-Antarctic ∆ASC (Fig. 4a): 56.5 mm SLE from J–Jpp, approximately 23.0 mm SLE from both

G–H and Jpp–K, 13.9 mm SLE from Cp–D and 10.9 mm SLE from Ep–F.

This shift is particularly clear in basin G–H. Despite being the largest source of cumulative Antarctic sea-level contribution

under HIGH100 (Supplementary Fig. S6), its ∆ASC at 2300 is negative under HIGH50 (−2.8 mm SLE) and OCEAN-

LAG20 (−0.6 mm SLE), but rises to 6.2 mm SLE under OCEAN-LAG50 and 23.0 mm SLE under OCEAN-PERSIST. The

corresponding grounding-line-flux anomaly becomes larger and more persistent as ocean recovery is delayed (Fig. 4c). This sign

change is consistent with the continental-scale competition: increased snowfall can initially compensate for part of the dynamic

loss, but this compensation is overtaken when elevated ocean forcing persists. Although the transition point is unresolved,

delayed ocean recovery can reverse a major basin’s contribution to Antarctica’s additional sea-level contribution.

The timing of the dynamical response also differs among basins (Fig. 4b–f). Under OCEAN-PERSIST, the LOW-relative

grounding-line-flux anomaly peaks early in basin J–Jpp (144.8 Gt yr−1 around 2107) and basin Jpp–K (43.0 Gt yr−1 around

2111). Later peaks occur in basin Ep–F (24.2 Gt yr−1 around 2205) and basin G–H (134.7 Gt yr−1 around 2267). In basin

Cp–D, the anomaly is still increasing at 2300, so its maximum is not resolved within the projection period. OCEAN-LAG50

initially produces responses similar to OCEAN-PERSIST in basins J–Jpp and Jpp–K, but the trajectories diverge after ocean

recovery begins in OCEAN-LAG50. These contrasting timings show that post-overshoot dynamical response varies among

basins: peak grounding-line-flux anomalies occur within decades of atmospheric recovery in some basins and more than a

century later in others.

Sensitivity to climate forcing and ice-sheet model configuration

Among the tested configurations, the choice of climate forcing has a larger effect on HIGH100 than either the sliding relation

or basal-melt parameterisation (Fig. 5a,c,d). By 2300, HIGH100 produces an additional Antarctic sea-level contribution
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of 21.5 mm SLE under CESM2-WACCM forcing, compared with 1.7 mm SLE under MRI-ESM2-0. Under CESM2-

WACCM, ∆ASC increases monotonically with high-forcing duration, whereas the MRI-ESM2-0 response is smaller and

non-monotonic(Fig. 5a). Relative to LOW, cumulative SMB anomalies under HIGH100 are equivalent to +13.7 and +39.1 mm

SLE under CESM2-WACCM and MRI-ESM2-0, respectively, whereas cumulative BMB anomalies are −144.9 and −118.4 mm

SLE (Supplementary Fig. S4). MRI-ESM2-0 therefore combines greater snowfall compensation with weaker ocean-driven

losses, consistent with its smaller additional Antarctic sea-level contribution. Although extending high forcing from 50 to 100

years increases ∆ASC under both climate forcings, the duration response differs between the two climate models.

In contrast, the atmosphere–ocean recovery experiments show the same response ordering of ∆ASC at 2300 under both

climate forcings (Fig. 5b). OCEAN-PERSIST produces the largest additional contribution, followed by OCEAN-LAG50

and synchronous recovery under HIGH50, while ATM-PERSIST produces a negative contribution relative to the matching

LOW simulation. Delaying ocean recovery by 50 years increases LOW-relative ∆ASC from 2.3 to 44.1 mm SLE under

CESM2-WACCM forcing and from 1.0 to 30.1 mm SLE under MRI-ESM2-0 forcing. OCEAN-PERSIST produces 159.3

and 147.6 mm SLE, respectively. Despite differences in magnitude, delayed ocean recovery amplifies Antarctic sea-level

contribution under both climate forcings.

Basal-melt configuration affects both the magnitude of the additional contribution and its dependence on high-forcing

duration (Fig. 5c). The tests include the 5th-percentile, median and 95th-percentile calibrations of the melt tuning parameter for

both the ISMIP6 and ISMIP7 basal-melt parameterisations. Under the ISMIP7 95th-percentile calibration, HIGH50 produces a

smaller Antarctic sea-level contribution than its matching LOW simulation (∆ASC< 0), primarily because reduced grounded-ice

loss in basin G–H (approximately −10 mm SLE relative to LOW) outweighs positive contributions elsewhere (Supplementary

Fig. S16). The whole-Antarctic response becomes positive under HIGH75 and HIGH100. Basal-melt calibration therefore

changes the magnitude and, for some durations, the sign of the additional contribution.

We also test whether the duration response depends on how basal resistance changes as marine-based ice approaches

flotation. In the regularised Coulomb relation, Cmax sets the upper bound on basal shear stress relative to effective pressure.

Varying Cmax from 0.2 to 0.8 therefore tests sensitivity to the strength of this basal-traction limit, with 0.5 used as the reference

configuration; the power-law relation provides a comparison without an explicit Coulomb limit (see Methods). Sensitivity

to these sliding relations is smaller than sensitivity to basal-melt configurations (Fig. 5c,d). Across all four sliding relations,

∆ASC increases with high-forcing duration, and HIGH100 produces similar contributions of 20.4–22.0 mm SLE by 2300

(Fig. 5d). These comparisons indicate limited sensitivity to the sliding formulation within this ensemble, while climate forcing

and basal-melt configuration produce larger differences.

Discussion and Conclusions

Our results show that prolonged high climate forcing can increase Antarctica’s additional sea-level contribution, while persistent

ocean warming after atmospheric recovery can substantially amplify it. When forcing subsequently returns towards the same

low-emissions pathway, the additional sea-level contribution built up during the overshoot can persist for centuries. Under the

reference CESM2-WACCM forcing with synchronous atmospheric and ocean recovery, the additional contribution at 2300

increases nonlinearly with high-forcing duration. Beginning the transition from HIGH to LOW after 20 rather than 100 years

reduces the additional Antarctic sea-level contribution at 2300 by more than 90%, from 21.5 to 1.7 mm SLE. This comparison

highlights the potential long-term sea-level benefit of mitigation that shortens exposure to high climate forcing, complementing

assessments that emphasise overshoot duration as a climate-risk factor [1]. Nevertheless, ∆ASC peaks before 2300, so endpoint

values understate the maximum response.

Forcing magnitude also affects the sea-level legacy of overshoot. Within the tested model configuration, greater forcing

magnitude increases the additional sea-level contribution for a fixed high-forcing duration, but recovery towards LOW still

substantially limits the response compared with sustained extreme forcing. EXTREME illustrates the consequences of prolonged

extreme forcing derived from SSP5-8.5, associated with approximately 4.4 ◦C of global warming by late century relative to

1850–1900 [2], although its underlying twenty-first-century emissions levels are now assessed as implausible in the CMIP7

ScenarioMIP design [22]. The benefit of forcing recovery is consistent with findings for the Greenland Ice Sheet, where rapid

cooling after overshoot can limit long-term ice loss, although substantial sea-level contributions may occur before recovery [13].

However, the controls on recovery differ: Greenland’s response is strongly linked to atmospheric warming and surface melt,

whereas ocean forcing strongly influences Antarctic ice-shelf stability and grounding-line retreat [9, 23, 24]. This makes

subsurface ocean warming particularly important for Antarctic recovery.

The benefit of forcing recovery also depends on its timing across climate components. Atmospheric and ocean forcing

need not recover together. Ocean warming can persist after global surface temperatures decline because the ocean interior

adjusts slowly [3, 4]. The asynchronous atmospheric and ocean recovery prescribed in our idealised overshoot experiments is

therefore physically plausible, or perhaps likely, although the duration of the oceanic delay remains uncertain [6]. Coupled

simulations show that Antarctic mass balance does not simply track global temperature during climate reversal [19], and that
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the Filchner–Ronne cavity can take more than a century to return to a cold state after it has become warm and forcing is

reversed [21]. Our experiments complement these studies by quantifying the sea-level consequences of prescribed differences

in atmospheric and ocean recovery timing.

The simulated response reflects both persistent ocean-driven losses and weakening surface accumulation compensation.

In our experiments, when atmospheric forcing declines but ocean forcing remains high, enhanced snowfall accumulation

diminishes while elevated ice-shelf basal melting can continue to weaken buttressing and sustain ice discharge across the

grounding line for longer. Atmospheric recovery therefore reduces the accumulation available to counter ongoing ice loss,

helping explain why Antarctic sea-level contribution can continue to grow after atmospheric recovery begins. Continued ice

loss during climate recovery is consistent with the slow adjustment of the Southern Ocean and the hysteretic response of

the ice sheet [6, 8, 25]. The greater contribution under OCEAN-PERSIST than under sustained HIGH, despite their shared

ocean-forcing pathway, illustrates the importance of this accumulation effect. This comparison does not imply that mitigation,

including carbon dioxide removal used to reverse overshoot, necessarily increases Antarctic ice loss; it identifies a consequence

of atmospheric recovery occurring ahead of ocean recovery.

In our experiments, even a two-decade delay in ocean recovery (OCEAN-LAG20) increases the additional sea-level

contribution more than fivefold relative to synchronous recovery (HIGH50), while a 50-year delay further amplifies this

response. The post-overshoot response therefore depends on the relative timing of ocean-forcing recovery and the decline in

surface accumulation, as well as the ice sheet’s dynamic adjustment. Resolving surface mass balance alongside the ocean’s

memory of climate overshoot is therefore a research priority, particularly how snowfall accumulation evolves relative to the

persistence of warm ocean conditions beneath Antarctic ice shelves during atmospheric cooling.

Our basin-scale analysis shows that what looks like a modest Antarctic sea level contribution may conceal substantial

regional differences when ocean recovery is delayed. Basin contributions depend on the evolving balance between snowfall

accumulation and ocean-driven dynamic ice loss, so their relative importance can change when ocean recovery is delayed.

Contrasting response times further imply that an apparent stabilisation in one sector need not indicate Antarctic-wide recovery.

Because the regional pattern of sea-level rise depends on where Antarctic mass is lost [16, 26], this evolving distribution

could alter regional sea-level fingerprints even for a similar global-mean Antarctic contribution, an effect not quantified here.

Basin-scale tipping-risk assessments should therefore consider ocean-forcing persistence and recovery timing [12, 27], although

our experiments do not identify tipping thresholds.

The sensitivity experiments show that the balance between surface accumulation and ocean-driven dynamic ice loss

shapes the response to high-forcing duration. Under CESM2-WACCM forcing, HIGH100 produces a larger additional sea-

level contribution than the shorter-duration experiments across all tested sliding relations and basal-melt parameterisations.

Under MRI-ESM2-0, greater surface accumulation and a smaller increase in basal melting relative to LOW are consistent

with the smaller additional sea-level contribution, while the response to high-forcing duration is non-monotonic. Despite

these differences, delayed ocean recovery produces a more consistent response: both climate forcings yield larger additional

contributions when ocean recovery is delayed or prevented. Although differences in accumulation and ocean-driven losses

introduce uncertainty into the magnitude and timing of the projected contribution, this agreement supports ocean-recovery

timing as a key control on Antarctica’s post-overshoot sea-level contribution.

Our idealised experiments isolate how high-forcing duration and atmosphere–ocean recovery timing affect Antarctic

sea-level contribution, but do not predict a specific future climate trajectory. Prescribed climate forcing and parameterised

ice-shelf basal melting cannot capture the full feedbacks between climate, ocean circulation and ice-sheet evolution, while

the absence of evaluation against observed transient mass loss limits confidence in the projected magnitudes. The sensitivity

experiments nevertheless allow us to assess which findings persist across the tested model configurations and climate forcings.

Taken together, our results show that limiting the duration of high forcing can reduce Antarctica’s additional sea-level

contribution, but delayed ocean recovery in the post-overshoot period can substantially reduce this benefit. Rapid atmospheric

recovery may further weaken this benefit by reducing snowfall accumulation while persistent high ocean forcing continues to

drive dynamic ice loss. Assessing Antarctica’s sea-level legacy requires considering both how long high forcing persists and the

relative timing of atmospheric and ocean recovery. Further development and evaluation of coupled ice-sheet-ocean models,

together with improved climate forcing datasets, will help constrain this timing and its implications for Antarctic ice loss. Our

results underscore why this matters: atmospheric recovery is not ice-sheet recovery.

Methods

Ice-sheet model configuration

The simulations use an Antarctic model configuration developed for ISMIP7, but the idealised overshoot experiments are not

part of the standard ISMIP7 protocol. Ice dynamics are simulated with the open-source finite-element model Elmer/Ice [28],

using the shallow–shelf approximation (SSA) [29] to solve the vertically integrated momentum equations.
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The model geometry comes from the MEaSUREs BedMachine Antarctica Version 4 dataset [30, 31], including the upper

and lower ice surfaces and bedrock topography. An unstructured finite-element mesh is first generated with Gmsh [32] following

the Antarctic coastline defined by BedMachine. The mesh is then refined with MMG [33] according to ice-thickness gradients

and the Hessian of observed surface velocity from the MEaSUREs Phase-Based Antarctica Ice Velocity map [34]. The resulting

mesh has a horizontal resolution of about 1 km in fast-flowing ice and near the grounding line, coarsening to about 25 km in the

interior (Supplementary Fig. S1). Bedrock elevation is held fixed, excluding glacial isostatic adjustment and its effects on water

depth and grounding-line stability.

Antarctic projections obtained on this 1 km mesh agree with simulations at 500 m resolution with the same model and

grounding-line treatment [35]. All paired forcing experiments use the same mesh and the analysis rests on differences between

simulations, so mesh-dependent biases in ASC are reduced, though they may not cancel completely.

Spatial tuning of parameters governing basal resistance and ice viscosity is implemented through adjoint-based inversions

that minimise the mismatch between simulated and observed surface velocity (Supplementary Fig. S2). The inversion framework

follows Zhao et al. [35], but the sliding relation, inversion sequence, and regularisation parameters were re-evaluated for the

present ISMIP7 configuration (Supplementary Methods). Simulations employ either a conventional power-law (Weertman)

sliding relation [36], or a regularised Coulomb sliding relation [37, 38].

For the power-law sliding relation we define,

τb = β 2|ub|
m−1ub, (1)

where τb is basal shear stress, ub is basal sliding velocity and β 2 is spatially varying basal-friction coefficient inferred by

adjoint inversion. The velocity exponent is m = 1/n = 1/3, that is, a Weertman exponent n = 3.

The regularised Coulomb relation is written as,

τb =CmaxN

(

χ

1+χ

)1/n
ub

|ub|
, (2)

where

χ =
|ub|

As(CmaxN)n
, n = 3. (3)

Here, As is the spatially varying sliding parameter inferred by adjoint inversion, related to the power-law friction coefficient by

β 2 = A−m
s . N is effective pressure, and Cmax specifies the upper bound on the ratio of basal shear stress to effective pressure.

We set the post-peak exponent to q = 1, as incorporated in the equation above, so that basal drag approaches the Coulomb

limit CmaxN asymptotically without velocity weakening at fixed effective pressure. Effective pressure is calculated using the

perfect-ocean-connection approximation,

NPOC = ρigH +ρogzb, (4)

where H is ice thickness, zb is bed elevation relative to sea level (positive upwards), and ρi = 917 kgm−3 and ρo = 1028 kgm−3

are the densities of ice and ocean water. Effective pressure falls as grounded marine ice approaches flotation. For numerical

stability, the effective pressure in the sliding relation is bounded below Nmin = 0.05 MPa. Because the area over which this

bound is active was not quantified, the lower bound may also influence basal resistance in regions of low effective pressure.

Effective pressure does not evolve through a subglacial hydrology model, so hydrological feedbacks on basal resistance are not

represented [35].

The sliding relation tends to power-law sliding when χ � 1 and to Coulomb-limited sliding when χ � 1. Cmax therefore

controls the upper limit on basal traction relative to effective pressure and the area over which basal motion is Coulomb limited

[39]. Cmax is an effective coefficient for the Coulomb-limited basal strength and represents unresolved properties of the ice–bed

interface. We adopt Cmax = 0.5 as the reference configuration because this value gives a moderate Coulomb limitation. In

our model, Cmax = 0.8 behaves close to the calibrated power-law solution, and Cmax = 0.2 represents a substantially stronger

Coulomb-limited end member. Sensitivity to the choice of Cmax is assessed with Cmax = 0.8 and 0.2 and the power-law

configuration (Supplementary Table S1). The meaning of the transition between the two regimes for Antarctic ice dynamics is

discussed by Zhao et al. [35].

Grounding-line migration uses the sub-element parameterisation with 20 integration points per element [40, 41]. The

ice front is held fixed; calving-front migration and ice-shelf collapse are not explicitly represented. Ice-shelf collapse could

accelerate grounding-line retreat and discharge in some sectors [27]. Because it could affect both LOW and the overshoot

experiments, its omission does not establish a lower bound on ∆ASC. Ice-shelf basal melting uses the SEM3 treatment, in
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which melt is applied over the floating fraction of partially grounded elements, and melt at the grounding line is evaluated with

the same 20-point integration, an approach acceptable at 1 km resolution [41].

Ice-shelf basal melt in the reference configuration is calculated from the time-varying ocean thermal forcing with the

ISMIP7 local-quadratic parameterisation [42]. The parameterisation depends on far-field thermal forcing, temperature and

salinity, extrapolated to the local ice shelf draft, the Coriolis parameter and the ice-draft slope. We prescribe a constant ice

draft slope, sin(θ) = 9.80×10−3, calculated as the floating-area-weighted Antarctic mean from the BedMachine Antarctica

ice-shelf geometry [30] on the 1 km model mesh.

The dimensionless melt tuning parameter K was calibrated for this model configuration with fixed present-day geometry

and seven observational and model-derived ocean states, following the ISMIP7 basal-melt calibration framework [42]. Melt was

diagnosed on the native unstructured mesh, including the effective SEM3 treatment, and conservatively remapped to the 2-km

ISMIP evaluation grid. The calibration procedure optimises melt rate (and thus K) against satellite observations, climatologies

and modelled cold and warm ocean forcing, and melt rate observations. The 5th-percentile, median and 95th-percentile values

of the fitted distribution are K05 = 2.50×10−5, K50 = 4.75×10−5 and K95 = 7.75×10−5.

The reference configuration uses K50 with basin-specific thermal-forcing offsets, ∆Tb, which correct regional biases in

present-day basal melting not captured by a single Antarctic-wide K. The offsets are added to the ocean thermal forcing in each

basin. Sensitivity to the basal-melt magnitude is assessed with the K05 and K95 configurations and the same offsets.

We assess structural and parametric uncertainty with the ISMIP6 local-quadratic basal-melt formulation [43]. These

experiments use the published 5th-percentile, median and 95th-percentile calibration of the local MeanAnt calibration,

γ0,05 = 7710, γ0,50 = 11075.45 and γ0,95 = 15300 myr−1. As in the ISMIP6 protocol, basin-dependent thermal-forcing

corrections (δTsector) reproduce present-day sector melt rates and correct for unresolved cavity processes and observational

biases. Both parameterisations use extrapolated ocean thermal forcing that evolves with the climate forcing. But neither

resolves circulation within ice-shelf cavities [44, 45, 46] or the influence of subglacial discharge on basal melting [47, 48].

Initialisation and climate forcing

The inverted basal-friction and ice-viscosity fields and the initial geometry, form the initial state for all simulations. This

state represents observations from about 2005 and is run through a historical simulation (2005–2014) with historical climate

forcing so that the model can adjust. The 2015 state is the common initial condition for all projection experiments from 2015 to

2300. Atmospheric and ocean forcing for the projection come from the CESM2-WACCM climate model following the ISMIP7

protocol [49]. Although initial model parameters are constrained by observed surface velocity, the simulated transient mass loss

has not been evaluated against observations.

SMB is prescribed from the downscaled monthly ISMIP7 SMB forcing and corrected for changes in ice-surface elevation

relative to the reference topography of the downscaling, following the ISMIP6 Greenland protocol [50], with the same formula

applied here to Antarctica:

SMB(x,y, t) = acabf(x,y, t)+
∂SMB

∂ z
(x,y, t) [zs(x,y, t)− zs,ref(x,y)] , (5)

where acabf is the downscaled monthly SMB, ∂SMB/∂ z is the prescribed SMB–elevation gradient, zs is the modelled ice-

surface elevation and zs,ref is the reference surface of the ISMIP7 downscaling. We use the Reference Elevation Model of

Antarctica data used in the ISMIP7 SMB downscaling as zs,ref. The integrated SMB in Elmer/Ice (2574 Gt yr−1 in 2005) agrees

to approximately 2.5% with the ISMIP7 CESM2-WACCM historical climatology (2511 Gt yr−1), indicating that the forcing

was read and converted correctly.

The forcing fields modified during preprocessing are ocean thermal forcing (tf), practical salinity (so) and the SMB fields

acabf and dacabfdz. All other forcing variables are unchanged from the ISMIP7 datasets(Supplementary Table S3).

Because SSP3-7.0 forcing is unavailable beyond 2100, and SSP1-2.6 extends to 2300, we construct the post-2100 HIGH

forcing by adding a late-century SSP3-7.0–SSP1-2.6 climatological anomaly to the evolving SSP1-2.6 forcing. For each

calendar month m, we calculate the mean scenario anomaly over 2081–2100,

∆Fm(x,y) =
〈

FSSP3−7.0(m,x,y)−FSSP1−2.6(m,x,y)
〉

2081–2100
, (6)

and construct the extended high-forcing field as

FHIGH(t,x,y) = FSSP1−2.6(t,x,y)+∆Fm(t)(x,y), t > 2100, (7)

where m(t) is the calendar month at time t, and 〈 · 〉2081–2100 is the mean over 2081–2100. The construction keeps the evolving

SSP1-2.6 background and its interannual variability and keeps the mean seasonal and spatial contrast between SSP3-7.0 and
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SSP1-2.6 of the late twenty-first century. No repeated multi-year SSP3-7.0 sequence is needed beyond 2100. The extension is a

continuation of the late-century SSP3-7.0–SSP1-2.6 contrast, not a climate-model projection of SSP3-7.0 beyond 2100.

The procedure is applied to all four forcing fields: ocean thermal forcing (tf), practical salinity (so), surface mass balance

(acabf), and the SMB–elevation gradient (dacabfdz). For tf and dacabfdz, whose anomalies were still evolving near

2100, the late-century anomaly is blended linearly into the 2081–2100 climatological anomaly over 2101–2110 and held fixed

thereafter. For acabf and so, the climatological anomaly is applied directly after 2100 without an additional transition.

Experiments with persistent HIGH atmospheric or ocean forcing retain the corresponding extended HIGH forcing components

through 2300.

Experiment design

Unless stated otherwise, the primary suite uses the RC05 regularised Coulomb sliding configuration (Cmax = 0.5) and the

median calibrated ISMIP7 local quadratic basal-melt configuration (K50) with basin-specific thermal-forcing offsets.

The low-forcing reference experiment (LOW) follows the SSP1-2.6 pathway, and the sustained high-forcing experiment

(HIGH) follows SSP3-7.0. These scenarios provide contrasting forcing trajectories within the available CMIP6-based ISMIP7

datasets. SSP1-2.6 provides a lower-forcing reference and recovery pathway, while SSP3-7.0 provides the higher-forcing

trajectory whose duration is varied across the primary experiments. We assess sensitivity to stronger forcing using sustained

extreme-forcing experiment (EXTREME) driven by SSP5-8.5. We also construct EXTREME100, in which SSP5-8.5 forcing is

kept for 100 years before returning towards the LOW pathway, which separates the effects of forcing magnitude and persistence.

We also include the CMIP6 SSP5-3.4-over pathway (OVER534) as a scenario-based overshoot benchmark with a transient

overshoot and a decline; it is not used in the construction of the idealised experiments.

The controlled high-forcing experiments combine the preprocessed SSP3-7.0 and SSP1-2.6 forcing fields through a

prescribed time-dependent transition not through further climate-model simulations. High-forcing duration is the prescribed

length of the SSP3-7.0-derived forcing phase from the start of the projection in 2015, rather than the number of years above a

global-mean temperature threshold.

Atmospheric and ocean forcing initially follow HIGH, then transition towards LOW over 10 years. Thereafter, forcing

follows the LOW pathway to 2300. HIGH20, HIGH50, HIGH75 and HIGH100 prescribe 20, 50, 75 and 100 years of

SSP3-7.0-derived high forcing, respectively, before the transition begins. Longer HIGH periods increase both the duration of

high forcing and cumulative forcing exposure; the experiments therefore do not isolate their separate effects. HIGH50 serves as

the control for the atmosphereocean recovery experiments.

For each forcing component, the transition is prescribed as

F(t) = w(t)FHIGH(t)+ [1−w(t)]FLOW(t), (8)

where FHIGH and FLOW are the HIGH and LOW forcing fields and w(t) is a weight. During the high-forcing phase w = 1; w

then falls linearly to zero over the 10-year transition and stays zero after. The same timing applies to the atmospheric(SMB)

and ocean components in the duration experiments.

A second group of experiments isolates the effects of asynchronous atmospheric and ocean recovery. These experiments

start from HIGH50, in which atmospheric and ocean forcing recover together after 50 years of HIGH forcing. The recovery of

one component is changed and the 50-year high-forcing period is kept.

In ATM-PERSIST, atmospheric forcing remains on the HIGH pathway while ocean forcing recovers to LOW. In OCEAN-

LAG20 and OCEAN-LAG50, atmospheric forcing recovers after 50 years, and ocean recovery is delayed by a further 20 and

50 years. In OCEAN-PERSIST, atmospheric forcing recovers after 50 years while ocean forcing remains on the HIGH pathway

to 2300. These experiments separate the effects of finite ocean-recovery delay from those of persistent high ocean forcing.

The primary and recovery experiments are listed in Table 1.

To assess whether Antarctica’s sea-level contribution depends on the main modelling choices, we evaluate three sources of

uncertainty (Supplementary Table S1). Basal-sliding sensitivity is assessed with the power-law configuration and the regularised

Coulomb configurations RC08 (Cmax = 0.8), RC05 (Cmax = 0.5) and RC02 (Cmax = 0.2), with RC05 as the reference.

Ice-shelf basal-melt uncertainty is assessed with the calibrated 5th-percentile, median and 95th-percentile parameter sets of

the ISMIP7 local quadratic formulation and the ISMIP6 local quadratic formulation as a structural sensitivity. Climate-forcing

sensitivity is assessed by repeating LOW, HIGH20, HIGH50, HIGH75, HIGH100, ATM-PERSIST, OCEAN-LAG50 and

OCEAN-PERSIST with MRI-ESM2-0 forcing, alongside the reference CESM2-WACCM forcing. For each configuration, each

experiment is compared with the matching LOW simulation to remove differences in background evolution.

Diagnostics and sea-level contribution

The ice-sheet response is quantified by Antarctica’s sea-level contribution, basin mass change, and ice flux across the grounding

line, ice-shelf basal melt and grounded area. The contribution is calculated from the change in grounded ice volume above
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Table 1. Primary experiments for Antarctica’s sea-level contribution under climate overshoot. The forcing pathways are

drawn in Fig. 1.

Experiment Atmospheric(SMB) forcing Ocean forcing

Reference simulations

LOW SSP1-2.6 SSP1-2.6

HIGH SSP3-7.0 SSP3-7.0

Controlled high forcing

HIGH20 SSP3-7.0 for 20 yr, then SSP1-2.6 SSP3-7.0 for 20 yr, then SSP1-2.6

HIGH50 SSP3-7.0 for 50 yr, then SSP1-2.6 SSP3-7.0 for 50 yr, then SSP1-2.6

HIGH75 SSP3-7.0 for 75 yr, then SSP1-2.6 SSP3-7.0 for 75 yr, then SSP1-2.6

HIGH100 SSP3-7.0 for 100 yr, then SSP1-2.6 SSP3-7.0 for 100 yr, then SSP1-2.6

Atmosphere–ocean recovery experiments

ATM-PERSIST SSP3-7.0 throughout SSP3-7.0 for 50 yr, then SSP1-2.6

OCEAN-LAG20 SSP3-7.0 for 50 yr, then SSP1-2.6 SSP3-7.0 for 70 yr, then SSP1-2.6

OCEAN-LAG50 SSP3-7.0 for 50 yr, then SSP1-2.6 SSP3-7.0 for 100 yr, then SSP1-2.6

OCEAN-PERSIST SSP3-7.0 for 50 yr, then SSP1-2.6 SSP3-7.0 throughout

Forcing magnitude and persistence

EXTREME100 SSP5-8.5 for 100 yr, then SSP1-2.6 SSP5-8.5 for 100 yr, then SSP1-2.6

EXTREME SSP5-8.5 throughout SSP5-8.5 throughout

Scenario-based overshoot benchmark

OVER534 SSP5-3.4-over SSP5-3.4-over

LOW, HIGH and EXTREME denote forcing derived from SSP1-2.6, SSP3-7.0 and SSP5-8.5. For HIGH20–HIGH100 and EXTREME100, the appended

number is the duration of high forcing before recovery begins. Recovery is prescribed as a 10-yr transition towards the LOW pathway. OVER534 is the

SSP5-3.4-over CMIP6 overshoot experiment. Unless stated otherwise, primary experiments use the RC05 sliding-relation configuration and the calibrated

reference ice-shelf basal-melt parameterisation. Sensitivity experiments are listed in Supplementary Table S1.

flotation since 2015; positive values are a rise in global mean sea level. Basin and regional contributions are calculated using

the fixed mask of 18 drainage basins from the Ice Sheet Mass Balance Inter-comparison Exercise (IMBIE; Supplementary

Methods) [51], and their sum defines the reported whole-Antarctic contribution. The conversion to sea-level equivalent uses an

ocean area of 3.625×1014 m2(Supplementary Methods). We define Antarctica’s sea-level contribution as ASC. This is the

contribution simulated up to time t under a prescribed forcing pathway; it does not represent equilibrium or irreversible ice loss.

To isolate the additional effect from high forcing, we calculate the difference from the matching low-forcing simulation:

∆ASCe,c(t) = ASCe,c(t)−ASCLOW,c(t), (9)

where e denotes the forcing experiment and c the model configuration. The LOW simulation uses the corresponding

climate-model forcing and model-physics choices. A positive ∆ASC means a greater sea-level contribution than LOW; a

negative value means a smaller contribution, not necessarily ice gain.

For the climate-model comparison, SMB and BMB anomalies relative to the matching LOW simulation are spatially

integrated over the full model domain, including grounded and floating ice, and accumulated over 2015–2300. These cumulative

anomalies are expressed as mass equivalents in mm SLE, rather than direct sea-level contributions. In particular, ice-shelf basal

melting affects sea level through its influence on grounded-ice dynamics.

To compare the idealised experiments with OVER534, we calculate the root-mean-square difference (RMSD) between the

annual LOW-relative contribution trajectories over 2125–2300 (Supplementary Methods). The idealised trajectories are linearly

interpolated to the OVER534 output years where necessary. RMSD is calculated from unsmoothed annual values with equal

weighting across years; a smaller value means closer agreement in timing and magnitude.

Data availability

Original ISMIP7 forcing datasets from several climate models are available from the ISMIP7 webpage (https://www.

ismip.org/research/ismip7). The MEaSUREs BedMachine Antarctica, Version 4 is available at https://nsidc.
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org/data/nsidc-0756/versions/4. The MEaSUREs Phase-Based Antarctica Ice Velocity map (Version 1) is

available at https://nsidc.org/data/nsidc-0754/versions/1. Processed source data supporting the main

and supplementary figures and the unpartitioned Antarctic computational mesh are archived on Zenodo at https://doi.

org/10.5281/zenodo.23213185. Study-specific forcing and restart files are too large to include in the archive and are

available from the corresponding author upon reasonable request.

Code availability

Elmer/Ice is available from the ElmerFEM GitHub repository (https://github.com/ElmerCSC/elmerfem) with

latest releases from https://doi.org/10.5281/zenodo.19888172. Representative Elmer/Ice configurations, sup-

porting Lua files, and Fortran source files are archived on Zenodo at https://doi.org/10.5281/zenodo.23213185.

Configurations for other experiments and ensemble members, and additional supporting files are available from the correspond-

ing author upon reasonable request.
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Figure 1. Schematic overview of the climate overshoot experiments. a, Schematic forcing pathways for the controlled

climate overshoot experiments. The duration of elevated forcing (20, 50, 75 and 100 years) is systematically varied while

maintaining an identical recovery pathway to isolate the effect of forcing duration on Antarctic sea-level contribution (ASC).

LOW and HIGH denote the low- and sustained high-forcing reference experiments, respectively. b, Sensitivity experiments that

isolate the effects of atmospheric and ocean recovery timing using HIGH50 as the control experiment. Atmospheric and ocean

forcing are modified independently while all other aspects of the forcing remain unchanged. c, Relationship between the

idealised experiments and the SSP5-3.4-over overshoot pathway (OVER534), together with the sustained high-forcing

SSP3-7.0 (HIGH) and SSP5-8.5 (EXTREME) reference scenarios. Curves schematically illustrate the prescribed forcing

histories; the experiments use spatially resolved climate fields. The relative forcing index is a schematic representation of the

prescribed pathways, not a temperature scale or model output. In particular, the labelled durations indicate years of high forcing

before recovery begins, not years above a 1.5 °C global-warming threshold.
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Figure 2. Antarctic sea-level contribution depends on high-forcing duration, magnitude and recovery pathway. a, Time

series of cumulative whole-Antarctic sea-level contribution (ASC) under LOW (SSP1-2.6), the four temporary overshoot

experiments (HIGH20, HIGH50, HIGH75 and HIGH100), and sustained HIGH (SSP3-7.0). b, Additional Antarctic sea-level

contribution relative to LOW (∆ASC) for the same experiments. c, ∆ASC at 2300 versus high-forcing duration. The dashed

line connects discrete experiments as a visual guide. d, Contributions from East Antarctica (EAIS), West Antarctica (WAIS),

and the Antarctic Peninsula (AP) to ∆ASC at 2300. Labels show whole-Antarctic totals. e, ∆ASC under HIGH100, sustained

HIGH, EXTREME100, sustained EXTREME and OVER534. HIGH100 and EXTREME100 apply SSP3-7.0- and

SSP5-8.5-derived forcing, respectively, for 100 years before a 10-year transition towards LOW; HIGH and EXTREME

maintain their respective forcing pathways through 2300. OVER534 uses SSP5-3.4-over-derived climate forcing. The inset

enlarges the four trajectories excluding sustained EXTREME. All sea-level contributions are expressed in millimetres of

sea-level equivalent (mm SLE).
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Figure 3. Ocean-forcing persistence and additional Antarctic sea-level contribution. a, Whole-Antarctic sea-level

contribution relative to LOW (∆ASC) for HIGH50, ATM-PERSIST, OCEAN-LAG20, OCEAN-LAG50, OCEAN-PERSIST,

HIGH100 and sustained HIGH. Experiment definitions are given in Table 1. b, Whole-Antarctic anomaly in the sum of surface

and basal mass balance (SMB+BMB) relative to LOW. c, Whole-Antarctic anomaly in the area-integrated, model-exported

grounding-line flux diagnostic relative to LOW. The diagnostics in b and c provide process context but do not include all terms

governing changes in grounded ice above flotation and should not be summed to reconstruct ∆ASC. d, ∆ASC in 2300 for the

Antarctic Peninsula, West Antarctic Ice Sheet (WAIS), East Antarctic Ice Sheet (EAIS) and total Antarctica; sustained HIGH is

not shown. e, Whole-Antarctic ∆ASC in 2300 by ocean-recovery lag. The line joining the finite-lag experiments (0, 20 and 50

years) is a visual guide; persistent ocean forcing is shown as a separate categorical endpoint. In the time-series panels, the

vertical dotted line marks the start of recovery in HIGH50 in 2065, and shading marks its 10-year recovery period. Sea-level

contributions are in mm sea-level equivalent (SLE), and fluxes are in Gt yr−1.
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Figure 4. Basin-scale sea-level contribution and grounding-line-flux response to delayed ocean recovery. a, Basin ∆ASC

at 2300 under OCEAN-PERSIST relative to LOW. Warm colours show positive contributions using discrete intervals, and

nonpositive values are shown in grey. b–f, Grounding-line-flux diagnostic relative to LOW for the five basins with the largest

positive ∆ASC: b, J–Jpp; c, G–H; d, Jpp–K; e, Cp–D; and f, Ep–F. Curves show centred 11-year running means for HIGH50,

OCEAN-LAG20, OCEAN-LAG50 and OCEAN-PERSIST. The vertical dotted line marks the end of the common 50-year

high-forcing period in 2065, and shading marks the subsequent 10-year transition. Positive values indicate greater

grounding-line flux than under LOW. The grounding-line-flux diagnostic is not a closed basin mass budget.
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Figure 5. Sensitivity of Antarctic additional sea-level contribution to climate forcing and model configuration. a,

Additional Antarctic sea-level contribution (∆ASC) at 2300 versus high-forcing duration under CESM2-WACCM and

MRI-ESM2-0 climate forcing. b, Time series of whole-Antarctic ∆ASC under synchronous atmospheric and ocean recovery

(HIGH50), a 50-year delay in ocean recovery (OCEAN-LAG50), persistent high ocean forcing (OCEAN-PERSIST), and

persistent high atmospheric forcing (ATM-PERSIST). Colours identify the recovery experiments; solid and dashed lines denote

CESM2-WACCM and MRI-ESM2-0 forcing, respectively. c, ∆ASC at 2300 versus high-forcing duration across the median,

5th-percentile and 95th-percentile calibrations of the ISMIP7 and ISMIP6 basal-melt parameterisations. The ISMIP7 median

calibration is the standard configuration. d, ∆ASC at 2300 versus high-forcing duration under the power-law sliding relation

and regularised Coulomb relations with Cmax = 0.2, 0.5 and 0.8; Cmax = 0.5 is the standard configuration. All contributions are

relative to the corresponding continuously low-forcing simulation and expressed in millimetres of sea-level equivalent (mm

SLE). Lines in a, c and d connect discrete experiments as visual guides. These panels share the same y-axis range; b uses a

wider range.
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