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Antarctic marine-based ice destabilized 
when warming outpaces solid-Earth 
feedbacks
 

Jan Swierczek-Jereczek    1,2  , Javier Blasco    3, Alexander Robinson    3, 
Jorge Alvarez-Solas    2   & Marisa Montoya    1,2

The Antarctic Ice Sheet is expected to be the largest contributor to sea-level 
rise over the coming centuries. Previous equilibrium ice-sheet simulations 
have suggested that this is due to crossing a bifurcation point associated 
with marine ice-sheet instability. Here we investigate whether sectors 
vulnerable to this instability can undergo rate-induced tipping, whereby 
rapid forcing and slow bedrock uplift trigger self-sustained retreat before 
the bifurcation point is reached. We test this with an ice-sheet model 
coupled to a glacial isostatic adjustment model, sampling the uncertainty 
in mantle viscosity. We find that slow bedrock adjustment weakens the 
stabilizing effect of glacial isostatic adjustment, allowing grounding lines 
to reach retrograde bed slopes more readily and triggering self-sustained 
retreat below the bifurcation threshold. Although the West Antarctic Ice 
Sheet is subject to a bifurcation, it is unlikely to experience rate-induced 
tipping because of the low mantle viscosity beneath the region. In 
contrast, the Recovery and Aurora subglacial basins are likely to undergo 
such a transition even under warming rates lower than those observed 
today. Depending on mantle viscosity, this mechanism can reduce the 
critical global mean temperature anomaly by up to 0.5 K, with important 
implications for the long-term evolution of the Earth system.

The Antarctic Ice Sheet (AIS) contains large sectors that are grounded 
below sea level: the West Antarctic Ice Sheet (WAIS) and the East  
Antarctic subglacial basins (EASBs), with volumes above flotation 
of about 4.3 metres of sea-level equivalent (mSLE) and 19 mSLE, 
respectively1–3. Along many cross sections of these marine-based 
regions, the bedrock deepens towards the interior of the ice sheet. When 
the grounding zone retreats on such retrograde slopes, the ice thickness 
in the grounding zone increases, which in turn, increases the ice outflow 
through a highly nonlinear relation4. The resulting advection ungrounds 
the ice and promotes further retreat, potentially until a prograde slope 
is reached again4,5. This is commonly referred to as the marine ice-sheet 
instability (MISI), and the associated self-sustained retreat represents a 

bifurcation point of the AIS6–8, beyond which the ice sheet reorganizes 
to a qualitatively different stable state. MISI drives the high-end projec-
tions of the future Antarctic contribution to sea-level rise (SLR), which 
could reach 4 mSLE by 2300 (ref. 9) and up to 13 mSLE by the end of the 
millennium10,11 under high-emissions scenarios. MISI was also simulated 
in some realizations of lower-emissions scenarios, yielding a few metres 
of Antarctic SLR contribution by the year 3000 (refs. 10,11).

Over the past decade, several mechanisms have been proposed 
to provide stabilizing effects on grounding zone retreat, thus condi-
tioning MISI, notably: (1) lateral confinement of the grounding zone 
through topographic features12, (2) buttressing by ice shelves13, (3) 
higher basal friction in the grounding zone14, (4) upstream increase 

Received: 28 May 2025

Accepted: 2 September 2026

Published online: xx xx xxxx

 Check for updates

1Department of Earth Physics and Astrophysics, Universidad Complutense de Madrid, Madrid, Spain. 2Geosciences Institute, CSIC-UCM, Madrid, Spain. 
3Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Potsdam, Germany.  e-mail: janswier@ucm.es; alvarez.solas@igeo.ucm-csic.es

http://www.nature.com/naturegeoscience
https://doi.org/10.1038/s41561-026-02117-8
http://orcid.org/0000-0003-2213-0423
http://orcid.org/0000-0001-5898-5904
http://orcid.org/0000-0003-3519-5293
http://orcid.org/0000-0002-2969-0442
http://orcid.org/0000-0002-0090-4750
http://crossmark.crossref.org/dialog/?doi=10.1038/s41561-026-02117-8&domain=pdf
mailto:janswier@ucm.es
mailto:alvarez.solas@igeo.ucm-csic.es


Nature Geoscience

Article https://doi.org/10.1038/s41561-026-02117-8

high forcing rates. This facilitates the grounding zone retreat towards 
retrograde bed portions and the onset of MISI (Fig. 1a–c). This can 
potentially lead to R-tipping in marine-based regions of the AIS, and 
thus to large SLR contributions below the bifurcation points. To test this 
hypothesis, we use Yelmo, a thermo–mechanical 3D ice-sheet model35, 
coupled to FastIsostasy, a regional GIA model that can represent the 
lateral variability of the solid-Earth properties36. The error metrics for 
present-day ice elevation and velocity lie within the Ice Sheet Model 
Intercomparison for CMIP6 (ISMIP6) ranges (Extended Data Fig. 1); 
the modelling choices for ice dynamics, basal conditions, sub-shelf 
melt and surface mass balance are detailed in Methods. We include 
five viscosity set-ups, obtained by perturbing the nominal 3D viscosity  
by −2σ, −1σ, 0, +1σ and +2σ, where σ is the 3D standard deviation  
provided with the estimate28 (Extended Data Fig. 2). Each perturbed 
field is then lumped into a 2D effective viscosity (Methods). Figure 1d–g 
shows the nominal and ±2σ fields, along with the lithospheric thick-
ness, which is fixed for all set-ups because its uncertainty is negligible.

Equilibrium stability of the AIS
To study R-tipping of the AIS, a prior assessment of its bifurcation points 
is needed. To this end, the AIS is forced by a global mean temperature 
(GMT) anomaly with respect to the pre-industrial era (1850–1900), 
beginning at +1.2 K (2015–2025) and converted into regional anoma-
lies of the atmosphere and ocean (Methods). To remain close to equi-
librium, an adaptive forcing method applies a very slow warming 
(0.05 K kyr−1) only if the simulated rate of AIS volume loss is less than 
one-third of the observed 2000–2017 average37; otherwise, the forc-
ing is held constant, thus capturing self-sustained volume loss when 
bifurcations are crossed.

In addition, for the 0σ case, we branch equilibrium runs off the 
quasi-equilibrium experiment at each increment of 0.1 K of GMT anom-
aly, holding the forcing constant over 30 kyr. The resulting equilibrium 
points lie very close to the curve obtained via adaptive forcing (Fig. 2a), 
which is therefore a good approximation of the true equilibrium. As 
extensively shown in a related study38, the quasi-equilibrium diagram 
presents many bifurcations, which manifest as vertical lines in the 
equilibrium diagram. We focus on the five largest ones (purple shadings 

of precipitation15 and (5) glacial isostatic adjustment (GIA)16–19, which 
is the central mechanism studied here. When ice thins, GIA reduces 
the relative sea level (that is, the difference between the sea-surface 
and bedrock elevations) via bedrock uplift and, to a lesser extent, 
via a reduction of the gravitational pull of the ice sheet on the ocean 
(Fig. 1a–c). Via the flotation criterion, this provides a strong negative 
feedback on ice retreat, both on palaeoclimatic timescales20,21 and 
over short future projection horizons22,23. The timescale governing 
the viscous bedrock uplift is largely determined by the mantle vis-
cosity, which is assumed homogeneous in most GIA models used for 
ice-sheet simulations. In reality, it varies laterally by up to a few orders 
of magnitude between the old East Antarctic craton and the West 
Antarctic rift system24–28 (Fig. 1e–g). Thus, the timescale separation 
between grounding zone retreat and the stabilizing GIA response is 
particularly small in the west and large in the east. Although this rela-
tive pattern is robust throughout the literature, the absolute values 
carry large uncertainties24–28 that are seldom sampled in ice-sheet 
modelling studies.

Slow bed uplift could lead to R-tipping
In idealized dynamical systems, the transient lag of a stabilizing feed-
back was shown to allow tipping of a system below the bifurcation 
point29. This only manifests in the case of large forcing rates and is 
therefore called rate-induced tipping (R-tipping)30. To date, R-tipping 
has rarely been studied in tipping elements of the Earth system, despite 
anthropogenic warming rates that are unprecedented for at least the 
last 150 kyr (ref. 31). R-tipping of the Atlantic Meridional Overturn-
ing Circulation has been identified in an ocean box model32 and in an 
ocean model of intermediate complexity33, although no mechanistic 
explanation has been provided. A similar analysis was recently applied 
in a simulation study of the Greenland ice sheet, where R-tipping was, 
however, found to be negligible34. Remarkably, R-tipping of the AIS in 
a warming climate has not yet been studied. We therefore ask: are the 
marine-based regions of the AIS subject to R-tipping and is its amplitude 
controlled by the mantle viscosity?

We hypothesize that a higher upper-mantle viscosity delays the 
reduction of relative sea level in the grounding zone, particularly for 
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Fig. 1 | R-tipping mechanism controlled by solid-Earth properties of 
Antarctica. a–c, Schematic representation of the timescale separation between 
ice dynamics and GIA, which can lead to R-tipping of a marine ice sheet. b, For 
low mantle viscosities and equilibrium experiments, the bedrock uplift is largely 
synchronous with the grounding zone retreat and prevents reaching retrograde 
portions of the bed, where MISI can be triggered. c, In contrast, high mantle 

viscosities lead to a delayed bedrock uplift that facilitates the grounding zone 
retreat into retrograde portions of the bed, thus easing the onset of MISI below 
the bifurcation point. d–g, Lithospheric thickness (d) and effective mantle 
viscosity of Antarctica for −2σ (e), 0σ (f) and +2σ (g), as used here28. PD gr., 
present-day grounding.
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in Fig. 2a), which correspond to the retreat of the WAIS (3.3 mSLE), the 
Wilkes subglacial basin (WSB, 5 mSLE), the Recovery subglacial basin 
(RSB, 2.2 mSLE) and the Aurora subglacial basin (ASB). The latter pre-
sents two distinct bifurcation points that correspond to the collapse of 
its external and internal regions (1.7 mSLE and 3.2 mSLE, respectively).

We also perform quasi-equilibrium runs for the ±1σ and ±2σ cases. 
As viscosity increases, the simulated bifurcation points of the RSB and 
ASB shift slightly to lower forcing values (Fig. 2a). This is most apparent 
for the RSB but only amounts to 0.2 K between the −2 and +2σ cases. 
The bifurcation amplitude behaves similarly: volume loss increases 
with viscosity. This is clearest for the WSB collapse, which yields 2 mSLE 
more volume loss for +2σ than for −2σ, whereas other basins differ by 
much less than 1 mSLE. Overall, sampling the mantle viscosity within 
realistic ranges only marginally affects the AIS bifurcations.

R-tipping of the East Antarctic subglacial basins
To study the potential for R-tipping, we use the same initial configura-
tion as in the quasi-equilibrium experiments and apply a step of GMT 
anomaly from 1.2 K to a target value, yielding an infinite forcing rate that 
maximizes the likelihood of R-tipping. We repeat this for all viscosity 
cases and for target values spaced by about 0.05 K. The smallest target 
value that leads to a basin collapse is the R-tipping point. We define its 
difference from the bifurcation point (assessed separately for each 
viscosity case) as the R-tipping gap, which quantifies the magnitude of 
rate-induced effects. Regardless of the mantle viscosity, the R-tipping 
gap is 0 K for the WAIS. For all other basins, its magnitude increases 
with the viscosity perturbation, yielding [−0.15, 0] K for the WSB, [−0.3, 
−0.1] K for the RSB, [−0.1, 0] K for the external ASB and [−0.4, −0.05] K 
for the internal ASB (Fig. 2c). In other words, R-tipping is absent in the 
WAIS, marginal in the WSB and external ASB and substantial in the 
RSB and internal ASB, especially for the +1σ and +2σ viscosity cases. 
The magnitude of R-tipping is also largest for regions of higher mantle 
viscosity (Fig. 1e–g). This aligns with the hypothesis formulated above: 
large timescale separations between ice retreat and GIA response pre-
vent an efficient grounding zone stabilization before retrograde slopes 
are reached, therefore easing the onset of MISI (Fig. 1a–c).

Because climate mitigation and adaptation strategies are devel-
oped based on GMT anomalies on the order of 0.1–1.0 K, some of the 
R-tipping gaps assessed above could be critical. However, anthropo-
genic warming rates are not infinite, so step experiments cannot quan-
tify the R-tipping gap for realistic scenarios. We therefore run idealized 
experiments ramping up the GMT anomaly to a target value that is 

subsequently held constant to ensure equilibration. For each basin 
and each viscosity perturbation, we sample target forcings around the 
bifurcation point and ramp slopes across a wide range that covers the 
timescales of palaeoclimate and future warming. Figure 3 shows the 
detailed results for the RSB, while those for the WAIS, WSB and internal 
ASB are shown in Extended Data Figs. 3, 4 and 5, respectively.

Because the RSB is the first basin to experience substantial 
R-tipping, we focus on this case to study the underlying mechanisms. 
In accordance with the step experiments, R-tipping of the RSB increases 
with the viscosity perturbation (Fig. 3a–e). Furthermore, as expected 
from our working hypothesis, the magnitude of the R-tipping gap 
increases with the ramp slope and vanishes for rates that align with 
the timescale of the viscous bed uplift. Remarkably, the maximum 
R-tipping gap (−0.3 K) assessed by forcing steps is already reached at 
warming rates of about 0.07 K per century, which are much smaller 
than present-day and future ones (Fig. 3c–e). This saturation at high 
rates arises because the ice sheet acts as a low-pass filter with its own 
timescale, setting an upper limit on the ice retreat rate and therefore 
on the timescale separation from the GIA response. Thus, fast forcing 
rates (>1 K per century) are not a key ingredient for R-tipping of the RSB, 
because slow rates (<0.1 K per century) already generate a sufficient 
timescale separation.

By performing a similar ensemble of forcing ramps for the ASB, 
we observe the same qualitative behaviour (Extended Data Fig. 5): the 
R-tipping gap is zero for slow ramps and reaches its maximum ampli-
tude for rates that cover the range of present-day and future warm-
ing. Realistic scenarios would therefore trigger the largest possible 
R-tipping gap if the warming amplitude is sufficient. With an ensemble 
mean of 8 K of GMT anomaly by 2300 and a large associated spread, 
Representative Concentration Pathway 8.5 (RCP8.5) can provide such 
forcing39. Besides large SLR contributions due to gradual ice retreat, 
this would overshoot the bifurcations of the WAIS and WSB (about 
8 mSLE of self-sustained SLR contribution) and would probably trig-
ger R-tipping of the RSB and ASB (about 7 mSLE of self-sustained SLR 
contribution; Fig. 2a).

Controls on the R-tipping gap
To understand the mechanism underlying R-tipping, we select the same 
ramp experiment for various viscosity cases (star markers of Fig. 3a–e). 
As the viscosity increases, the bed uplift occurs more slowly around the 
critical part of the RSB grounding zone (orange rectangle, Fig. 3h,i), with 
a deficit of more than 100 m for +2σ compared with −2σ after several 
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case. The Coupled Model Intercomparison Project Phase 5 (CMIP5) mean of GMT 
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matching the observed grounding line53. c, R-tipping gap inferred by comparing 
step experiments with quasi-equilibrium ones: as the viscosity increases, so does 
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thousand years (Fig. 3f). This prevents an efficient grounding zone 
stabilization below the bifurcation point, which is manifested by the 
diverging volume curves (Fig. 3g).

To visualize this effect, we show a transect along the grounding 
zone retreat direction at the critical time step when the retrograde bed 
is about to be reached (Fig. 4). As the mantle viscosity increases, bed-
rock uplift takes place on longer timescales and compensates for the 
grounding zone retreat less efficiently. Furthermore, the faster uplift 
of the −2σ case creates a pinning point at x = 80 km, which prevents 
ocean melting and further grounding zone retreat into retrograde 
portions of the bed. In contrast, the bed uplift of the 0σ and +2σ cases 
is insufficient for this pinning point to emerge. This highlights that 
although the bedrock uplift is linear with respect to the ice load36, its 
interplay with the bathymetry can give rise to strong nonlinear effects: 
grounding zone portions below sea level are exposed to much larger 
basal melt than those above.

We show that higher mantle viscosities can lead to R-tipping and 
to a lower bifurcation point (for example, the RSB bifurcation point 
is about 0.2 K lower for +2σ compared with −2σ; Fig. 2a). The latter 
could be due either to an actual shift in the stability landscape or to 
rate-induced effects that persist in quasi-equilibrium simulations, in 
spite of the small forcing rates. Because the mantle viscosity governs 
a timescale that is absent from a steady state, we argue that the second 
hypothesis is more likely, but verifying this would require prohibitively 
long simulations. In either case, increasing the viscosity perturbation 
from −2 to +2σ reduces the tipping point that is relevant in practice, in 
addition to the R-tipping gap assessed here. The cumulative gap, com-
puted as the difference between the bifurcation point of the −2σ case 
and the R-tipping point for any of the viscosity cases, can reach as much 

as 0.5 K for the ASB and RSB, as shown by the lighter shading in Fig. 2c. 
Furthermore, a related study shows that deactivating GIA lowers all 
bifurcation points assessed by quasi-equilibrium simulations38, which 
effectively provides an upper bound on the R-tipping gap induced 
by the timescale separation between grounding zone retreat and 
bedrock uplift.

We also study R-tipping in more detail for the WAIS and WSB, con-
firming that this effect is largely absent for these regions (Extended 
Data Figs. 3 and 4). For the WAIS, the lack of R-tipping can be partly 
attributed to lower uncertainties in the dataset for this region 
(Extended Data Fig. 2), thus yielding smaller differences in effective 
viscosity for ±2σ (Fig. 1). More importantly, ice thinning and GIA 
response are relatively small in both regions before the onset of the 
instability, regardless of the viscosity perturbation. Over the first 
few thousand years, the mean bedrock uplift around the critical 
grounding zone reaches only up to 1.5 and 18 m for the WAIS and the 
WSB, respectively. In comparison, the RSB and ASB yield up to 150 
and 170 m of bedrock uplift over the same time span, respectively. 
The delay of the GIA response is therefore largely irrelevant there. 
This suggests a more general rule: R-tipping only occurs in transient 
simulations if the lagging negative feedback shows a substantial 
magnitude in equilibrium simulations before the onset of the insta
bility. Because the magnitude of bedrock uplift depends on the initial 
state, accounting for the ongoing isostatic adjustment from the last 
deglaciation could increase the likelihood of R-tipping in the AIS; this 
is left for future work.

In East Antarctica, the viscosity dataset we use28 results in a −2σ 
configuration with viscosities below most literature estimates25–27, 
whereas the +2σ configuration remains within the typical range.  
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The confidence interval studied here might therefore be biased towards 
low viscosities so that the actual magnitude of R-tipping for the WSB, 
RSB and ASB might be closer to what is simulated for 0 σ, +1σ and +2σ, 
pointing to a potentially higher vulnerability of these basins than 
shown here. In West Antarctica, the nominal viscosity is rather large 
compared with the rest of the literature25–27,40. GIA could therefore take 
place even faster than represented here, which could further reduce 
the already small likelihood of R-tipping of the WAIS. The viscosity 
field used here is therefore conservative with respect to our results 
(marginal R-tipping in the west, substantial R-tipping in the east), sup-
porting their robustness with respect to values commonly found in the 
literature. Overall, the mantle viscosity appears to be a strong control 
on R-tipping in marine-based regions of the AIS, which calls for better 
constraints on this parameter.

Our experiments required a very large number of simulations at 
16-km horizontal resolution, amounting to about 100 Myr of model 
time. This would be computationally intractable for any currently 
available 3D GIA model but was made possible by FastIsostasy, which 
is faster by orders of magnitude and was successfully benchmarked 
against a 3D GIA model36,41. Moreover, a quantitatively reliable assess-
ment of MISI requires a good representation of the bathymetry, which 
demands horizontal resolutions finer than 5 km (ref. 42) and would be 
computationally prohibitive for such a systematic study. Our findings 
are therefore first and foremost an attempt to explain why R-tipping 

is possible in several marine basins, whereas a robust quantification 
would require a model intercomparison43. Moreover, R-tipping of an 
ice sheet is not necessarily limited to marine-based regions and could 
arise from timescale separations that are unrelated to GIA. Finally, 
whereas R-tipping monotonically increases with the rate in our results, 
some systems show a non-monotonic rate dependency44,45, particularly 
when oscillations are present in the system response, as often simulated 
for ice sheets46–49.

Implications for future sea-level rise
The mean forcing of RCP8.5 by the year 2300 indicates that 
high-emissions scenarios overshoot both bifurcation and rate-induced 
thresholds of most AIS regions. Overshooting a critical forcing does 
not necessarily imply a collapse of the associated basin if it is followed 
by a sufficiently fast and substantial cooling50. However, this overshoot 
entails a risk of large SLR rates (Tables 1 and 2) and of up to 40–45 mSLE 
of committed SLR. This number might be an underestimate, because 
AIS equilibrium simulations have shown that including the albedo 
feedback, instead of a fixed conversion factor from GMT to regional 
anomalies, can trigger the total collapse of the AIS7.

Although the warming scenarios used here are idealized, they 
have important implications for realistic SLR projections. When 
ice-sheet models are coupled to GIA models that do not account for 
the lateral variability of the solid Earth, the likelihood of triggering 
R-tipping via an emissions scenario is probably overestimated in 
the WAIS and underestimated in the EASBs. This supports the use of 
GIA models that resolve this lateral variability in continental-scale 
simulations of the AIS, especially because computationally effi-
cient solutions have recently been proposed36,51,52. Furthermore, 
equilibrium diagrams of the AIS are sometimes obtained by run-
ning step experiments7, although our experiments show that this 
maximizes the likelihood of R-tipping (Figs. 2 and 3) and can bias the 
bifurcation estimate.

To conclude, we show that the Recovery and Aurora subglacial 
basins are probably subject to R-tipping, even at forcing rates that 
are far smaller than those predicted in future emissions scenarios. As 
suggested by our simulations, the GIA response, although substantial 
in equilibrium, can be strongly delayed and therefore almost absent 
for rates as small as about 0.01 K per century. This delay results from 
the high mantle viscosities found in the Recovery and Aurora regions 
and eases the grounding zone migration into retrograde bed portions, 
which can trigger self-sustained retreats. Within ±2σ of the viscosity 
estimates, R-tipping can either be marginal or amount to a gap of 0.5 K 
GMT anomaly. This highlights the importance of better constraining 
the mantle viscosity of Antarctica to obtain more reliable SLR projec-
tions. Equally important, R-tipping is negligible in the WAIS and only 
marginal in the WSB, mostly due to the smaller GIA response before 
the onset of MISI and to locally lower mantle viscosities.

A natural way to continue this work is to investigate R-tipping 
for past ice sheets. For instance, the mantle viscosity in Hudson Bay 
and along the Kara Sea coast is larger than the global average25,26 and 
could have led to R-tipping of the Laurentide and Eurasian ice sheets 
in the past.
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Fig. 4 | Transects of the RSB grounding zone retreat. a–c, The transect is shown 
for simulations with the same forcing but with viscosity perturbations of −2σ 
(a), 0σ (b) and +2σ (c). The A–B transect location is visualized in Fig. 3h,i. For −2σ, 
the fast bedrock uplift partially compensates for the retreat and leads to the 
emergence of a pinning point at x = 80 km that stabilizes the grounding zone. 
For +2σ, the bedrock uplift is much smaller, which prevents the emergence of a 
pinning point and leads the grounding zone to reach the retrograde portion of 
the bed soon after t = 22 kyr, thus entering an unstable regime. t, simulation time. 
Finally, the nominal viscosity case presents a mixture of both: the bedrock uplift 
comes close to creating a pinning point and greatly delays the grounding zone 
retreat but is incapable of stabilizing it before the retrograde slope beginning  
at x = 160 km is reached.

Table 1 | Summary of autonomous tipping characteristics for 
the five largest bifurcations of the AIS

Region ΔV (mSLE) Δt (yr) °
smean (mm yr−1)

°
smax (mm yr−1)

WAIS 3.3 4,890 0.5 1.8

Wilkes 5.0 10,200 0.4 0.9

Recovery 2.2 12,400 0.1 0.5

Aurora ext. 1.7 6,140 0.2 0.4

Aurora int. 3.2 7,410 0.3 1.0
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Methods
Yelmo
Yelmo is a thermo-mechanically coupled 3D ice-sheet model35 that 
uses the depth-integrated velocity approximation54 to solve the ice 
dynamics. The simulations are performed on a regular grid covering 
Antarctica with a horizontal resolution of Δx = Δy = 16 km and a vertical 
resolution of ten quadratically scaled layers, ranging from Δz ≃ 0.01 ⋅ H  
at the base up to Δz ≃ 0.4 ⋅ H at the top. This is defined as a fraction of 
the ice thickness, H, due to the sigma-transform applied to the vertical 
dimension. The ice dynamics follows a Glen flow law with exponent  
n = 3 and enhancement factors of 1.0, 1.0 and 0.7 for the shear, stream 
and shelf regions, respectively. At the grounding zone, a tidal partial 
melt parameterization is applied to include the effect of water intru-
sion through tides55. Calving is parameterized through a von Mises–
type criterion56, basal hydrology follows from a local energy balance 
and a fixed till drainage rate57, and basal friction follows a regularized 
Coulomb law58. Finally, the unknown basal friction coefficient field is 
inferred by inversion of the present-day ice thickness and ice velocity. 
The resulting root-mean-square errors in ice surface elevation and 
velocity are 114 m and 96 m yr−1, respectively. Both of these values lie 
within the range of the ISMIP6 models9.

Forcing
The GMT anomaly is converted into a regional atmospheric tempera-
ture anomaly by using a fixed factor of 1.8, as assessed for Antarctica in 
the Polar Amplification Model Intercomparison Project59. This anomaly 
is uniformly added to the surface air temperature field of the 2023 
climatology produced by the Regional Atmospheric Climate Model 
(RACMO2.3) (ref. 60). As the ice topography changes over time, the sur-
face air temperature is modified according to a lapse rate of −6.5 K km−1. 
The precipitation anomaly is computed through a fixed 5% K−1 factor 
(accounting for regional warming and elevation changes), and the 
surface melt is calculated with the positive degree-day method61. In 
an ensemble of long-term CMIP5 and CMIP6 simulations, the warming 
of the Southern Ocean was assessed to be about 25% of the regional 
atmospheric warming62. We therefore compute the regional oceanic 
temperature anomaly by scaling the atmospheric one with 0.25. This 
anomaly is uniformly added to the present-day ocean temperature 
field provided by ISMIP6 (refs. 63,64) and is subsequently converted 
into sub-shelf melting via a quadratic non-local law65.

FastIsostasy
Yelmo is coupled to FastIsostasy, a regional GIA model that 
accounts for the lateral variability of the lithospheric thickness 
and the upper-mantle viscosity in the computation of the vertical 
bedrock displacement. Additionally, it approximates the changes 
in sea-surface elevation resulting from the redistribution of mass. 
This offers a computationally efficient alternative to 3D GIA models, 
without substantial loss of accuracy36. Nonetheless, FastIsostasy is 
subject to limitations: it underestimates the peripheral forebulge, 
ignores the rotational feedback, parameterizes the depth depend-
ence of the viscosity and relies on a Maxwell rheology. The first two 
aspects are rather irrelevant here. The third one is addressed by cali-
brating the conversion of the 3D viscosity to a 2D one to minimize the 
error of FastIsostasy compared with a 3D GIA model on a large-scale 
collapse of the AIS41. Finally, the use of a Burgers rheology is the only 
increase in complexity that could alter the timescale separation 
between the ice retreat and the GIA response. Investigating this is 
left for future work.

Analysis of SLR rates
Whereas the total SLR associated with a bifurcation is the relevant 
metric for long-term impacts (for example, equilibrium coastline posi-
tions), the SLR rate is more informative when it comes to designing 
efficient adaptation strategies. To this end, we derive several key 

metrics for the five largest bifurcations: ΔV, the total loss of ice volume 
above flotation; Δt, the time span over which the bulk of this transition 
occurs; ̇smean and ̇smax, the mean and maximum SLR rates simulated over 
this time span. Computing these metrics for all experiments would 
yield results that are difficult to analyse; we therefore consider the 
quasi-equilibrium case first, for which the results are summarized in 
Table 1.

Depending on the basin, the autonomous collapse can last from 
about 5 kyr (WAIS) to about 12 kyr (Recovery). This timescale seems 
to be set by the bathymetry, which presents a very open shape, strong 
retrograde slopes and only a few large-scale pinning points in the WAIS. 
In contrast, the bathymetry presents narrow ocean channels with large 
pinning points in the RSB (Fig. 4). The volume, divided by the timescale 
of collapse, yields the mean autonomous SLR rate, which ranges from 
0.1 (RSB) to 0.5 mm yr−1 (WAIS). Similarly, the maximum SLR rate ranges 
from 0.4 (external ASB) to 1.8 mm yr−1 (WAIS). Altogether, this shows 
a considerable heterogeneity of autonomous SLR rates among the 
basins, meaning that their collapses have different implications for 
adaptation strategies.

The autonomous metrics are of key interest because they reflect 
an intrinsic property of the modelled ice sheet. However, in realistic 
warming scenarios, the GMT typically increases monotonically until 
the year 2300. Therefore, the autonomous SLR rates only represent 
lower bounds. To give upper bounds for transient runs, we analyse the 
results of a step experiment with a GMT anomaly of 9 K, summarized 
in Table 2. For this case, the mean and maximum SLR rates are typically 
increased by more than an order of magnitude. The maximum values 
arise for the WAIS, which reaches a mean SLR rate of 25.2 mm yr−1—about 
half of the reconstructed SLR rates associated with meltwater pulse 
1A (MWP1A)66. Recovery and Aurora, both subject to R-tipping, show 
maximum SLR rates of up to 5.7 and 2.8 mm yr−1, respectively. In com-
parison, the average Antarctic contribution to SLR over the 1992–2017 
period is only 0.4 mm yr−1 (ref. 37).

It is worth noting that the bounds on SLR rates that are inferred 
here are conservative because they are derived from extreme scenarios 
(zero versus infinite forcing rate). Furthermore, they are intrinsically 
linked to model limitations: to obtain more reliable values, substantial 
development efforts are needed. In particular, ice–ocean interactions 
largely determine the evolution of marine-based regions, yet their rep-
resentation in numerical ice-sheet models remains to be substantially 
improved. Therefore, the numbers in Tables 1 and 2 are indicative, 
intentionally conservative and by no means a final assessment.

Data availability
A reduced version of the output data, sufficient to reproduce all fig-
ures presented in the paper, is available via Zenodo at https://doi.
org/10.5281/zenodo.21935199 (ref. 67). This includes the parameters 
of the solid-Earth structure, the observational dataset used for com-
parison in Extended Data Fig. 1, the time series of all ramp and step 
experiments, the spatio-temporal output of the experiments illustrated 
in the paper, and both time series and spatio-temporal output of the 
quasi-equilibrium experiments. Additional output can be made avail-
able upon request.

Code availability
The code used to generate the figures shown here is available via Github 
at https://github.com/JanJereczek/rtip-ais. The source code of Yelmo 
and FastIsostasy can be accessed via Github at https://github.com/
palma-ice/yelmo and https://github.com/palma-ice/FastIsostasy, 
respectively.
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Extended Data Fig. 1 | Present-day error metrics of the simulated AIS.  
(a) Observed 53 and (b) modelled ice surface elevation at the present day.  
(c) Observed 68 and (d) modelled ice surface velocity at the present day.  

(e & h) Error plots of the ice surface elevation and velocity (modelled value 
against observed one). (f & g) Error maps of the ice surface elevation and velocity 
(modelled value minus observed one).
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Extended Data Fig. 2 | Standard deviation of the viscosity estimate. We here show the averaged value between the bottom of the lithosphere and a standard depth 
of 350 km 28. Since lumping the 3D viscosity into a 2D effective one is a nonlinear procedure, the ± 2 σ cases are not symmetric and are therefore separately plotted in 
Fig. 1.
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Extended Data Fig. 3 | R-tipping diagram of the WAIS. (a-e) Final AIS volume 
above flotation as a function of the maximal rate and amplitude of GMT anomaly, 
for the five upper-mantle viscosity cases. The existence of a bifurcation is 
responsible for the binary behaviour of the final equilibrium AIS volume. The 
dashed horizontal line represents the bifurcation point of the WAIS and each 
white dot corresponds to a ramp simulation. The vertical lines represent the 

mean rate of warming since the pre-industrial era and the highest rate projected 
until 2300 under RCP8.5. (f-g) Mean bed elevation over the region of interest 
and AIS volume time series corresponding to the star markers in (a-e). (h-i) Final 
WAIS configuration for the low (red star in panel a) and high (blue star in panel e) 
viscosity cases with the same ramp forcing. The region of interest is delimited by 
the orange rectangle.
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Extended Data Fig. 4 | R-tipping diagram of the WSB. (a-e) Final AIS volume 
above flotation as a function of the maximal rate and amplitude of GMT anomaly, 
for the five upper-mantle viscosity cases. The existence of a bifurcation is 
responsible for the binary behaviour of the final equilibrium AIS volume. The 
dashed horizontal line represents the bifurcation point of the WSB and each 
white dot corresponds to a ramp simulation. The vertical lines represent the 

mean rate of warming since the pre-industrial era and the highest rate projected 
until 2300 under RCP8.5. (f-g) Mean bed elevation over the region of interest 
and AIS volume time series corresponding to the star markers in (a-e). (h-i) Final 
WSB configuration for the low (red star in panel a) and high (blue star in panel e) 
viscosity cases with the same ramp forcing. The region of interest is delimited by 
the orange rectangle.
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Extended Data Fig. 5 | R-tipping diagram of the ASB. (a-e) Final AIS volume 
above flotation as a function of the maximal rate and amplitude of GMT anomaly, 
for the five upper-mantle viscosity cases. The existence of a bifurcation is 
responsible for the binary behaviour of the final equilibrium AIS volume. The 
dashed horizontal line represents the bifurcation point of the ASB and each 
white dot corresponds to a ramp simulation. The vertical lines represent the 

mean rate of warming since the pre-industrial era and the highest rate projected 
until 2300 under RCP8.5. (f-g) Mean bed elevation over the region of interest 
and AIS volume time series corresponding to the star markers in (a-e). (h-i) Final 
ASB configuration for the low (red star in panel a) and high (blue star in panel e) 
viscosity cases with the same ramp forcing. The region of interest is delimited by 
the orange rectangle.
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