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The Paris Agreement aims to limit global mean warming in the twenty-first century to
less than 2 degrees Celsius above preindustrial levels, and to promote further efforts
to limit warming to 1.5 degrees Celsius'. The amount of greenhouse gas emissions in
coming decades will be consequential for global mean sealevel (GMSL) on century
and longer timescales through a combination of ocean thermal expansion and loss of
land ice”. The Antarctic Ice Sheet (AIS) is Earth’s largest land ice reservoir (equivalent
t057.9 metres of GMSL)?, and its ice loss is accelerating®. Extensive regions of the AIS
are grounded below sea level and susceptible to dynamical instabilities®® that are
capable of producing very rapid retreat®. Yet the potential for the implementation of
the Paris Agreement temperature targets to slow or stop the onset of these instabilities
has notbeen directly tested with physics-based models. Here we use an observationally
calibrated ice sheet-shelf model to show that with global warming limited to 2
degrees Celsius or less, Antarctic ice loss will continue at a pace similar to today’s
throughout the twenty-first century. However, scenarios more consistent with current
policies (allowing 3 degrees Celsius of warming) give an abrupt jump in the pace of
Antarcticiceloss after around 2060, contributing about 0.5 centimetres GMSL rise
per year by 2100—an order of magnitude faster than today*. More fossil-fuel-intensive
scenarios’ resultin even greater acceleration. Ice-sheet retreat initiated by the thinning
and loss of buttressing ice shelves continues for centuries, regardless of bedrock and

sea-level feedback mechanisms

12 or geoengineered carbon dioxide reduction.

These results demonstrate the possibility that rapid and unstoppable sea-level rise
from Antarcticawill be triggered if Paris Agreement targets are exceeded.

Most of the AIS terminatesin the ocean, with massive ice shelves (float-
ing extensions of glacial ice) providing resistance (buttressing) to the
seaward flow of the grounded ice upstream®. About a third of the AIS
rests on bedrock hundreds to thousands of metres below sea level®,
andin places where subglacial bedrock slopes downwards away from
the ocean (reverse-sloped), the ice margin is susceptible to a marine
ice-sheet instability (MISI)>¢ and possibly a marine ice-cliff instability
(MICI)”8, The West Antarctic Ice Sheet (WAIS), which has the potential
to cause about 5mof GMSLrise, is particularly vulnerable. The WAIS is
losing ice faster than other Antarctic sectors*anditsitsinadeep basin
>2.5kmbelow sealevelin places®.

Marineiceinstabilities

MISI and MICI can be triggered by the thinning or loss of buttressing
ice shelves in response to a warming ocean, atmosphere or both™.
MiSlis related to a self-sustaining positive feedback between seaward

ice flux across the grounding line (the boundary between grounded
and floating ice) and ice thickness*. If buttressing is lost and retreat
isinitiated on areverse-sloped bed, the retreating grounding line will
encounter thicker ice, strongly increasing ice flow. Retreat will con-
tinue until the grounding line reaches forward-sloping bedrock, or
sufficient resistive stress is restored by the regrowth of a buttressing
iceshelfthatis confined within coastal embayments or is thick enough
to ‘pin’ onshallow bedrock features. Grounding lines on reverse-sloped
bedrock are conditionally unstable® and retreat at a rate determined
by the complex interplay between ice flow and stress fields, bedrock
conditions, surface mass balance and other factors that make model-
ling these dynamics difficult.

MIClis also theorized to be triggered where buttressing ice shelves
disappear or become too small to provide substantial back stress”®.
Atunsupported grounding lines where ice thickness exceeds a critical
value, the weight of ice above sealevel can produce deviatoric stresses
thatexceed the material yield strength of theice. This causes structural
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failure'®”, possibly manifest as repeated slumping and calving events”.
Onceinitiated, failure can continue until the collapsingice front backs
into shallow water, where subaerial cliff heights and the associated
stresses drop below their critical values, viscous deformation lowers
the cliff, or sufficient buttressing is restored by anice shelf.

Inundamaged ice, with small grain sizes and without large bubbles
or pre-existing weaknesses, slowly emerging subaerial ice cliffs could
exceed 500 m in height before failing’®. However, natural glacial ice
is typically damaged, especially near crevassed calving fronts and in
fast-flowingice upstream'. Assuming ice properties representative of
glaciers, stress-balance calculations™ point to maximum sustainable
cliff heights of around 200 m. This value is reduced to about 100 m or
less®'®where deep surface and basal crevasses effectively thin the sup-
portiveice column (increasing the stress), possibly explaining why the
tallestice cliffs observed today are about 100 m tall. Recent modelling™®
using values of fracture toughness and pre-existing flaw size appropri-
ate for damaged ice fronts” and consistent with field observations'
indicates that tensile fracturing can occur at cliffs as low as 60 m. This
reinforces the argument for includingice-cliff calving inice-sheet mod-
els?, despite current uncertainties in ice properties and the lack of
observations which make ice-cliff calving laws difficult to formulate.

Thick, marine-terminating glaciers such as Jakobshavn Isbrzae in
Greenland demonstrate how efficient calving can deliver ice to the
ocean. The terminus of Jakobshavnis about 10 kmwide, 1,000 m thick
and flows seawards at about 12kmyr™ (ref.?). Since the glacier lost its
iceshelfinthelate1990s, the ice front (with anintermittent-100-mice
cliff) has retreated >12 kminto the thicker ice upstream, albeit with a
recent re-advance coincident with regional ocean cooling®. The average
effective calving rate (flow speed + retreat) between 2002 and 2015 is
estimated at13.2+0.9 km yr™ (1g; ref. %).

Calving in narrow fjord settings such as Jakobshavn is controlled
by a complex combination of ductile and brittle processes, as well as
buoyancy. After calving, subsequent fracture-driven failureis delayed
until accelerated flow thins the terminus to near-flotation, allowing tidal
flexure, basal crevassing, slumping or other processes to initiate the
next event”?, Resistive stresses from lateral shear along fjord walls, as
well as thick mélange strengthened by seaice, slow calving in winter,
but annualice loss remains high.

Jakobshavn-style calving is not widespread in Antarctica today,
because most marine-terminating grounding lines with comparable
ice thickness are supported by the resistive back stress of ice shelves.
Crane Glacier, previously buttressed by the Larsen B ice shelf on the
Antarctic Peninsula, is an exception. When the ice shelf suddenly col-
lapsed in 2002 after becoming covered in meltwater, the glacier sped
up by a factor of three?. A persistent 100-m ice cliff formed at the
terminus® and the calving front retreated into its narrow fjord. The
drainage of Crane Glacier was too small to contribute substantially to
sealevel, butsimilar events could become widespread in Antarcticaif
temperatures continue torise.

Importantly, some Antarctic glaciers are vastly larger than their
Greenland counterparts. For example, Thwaites Glacier in West Ant-
arctica terminates in the open Amundsen Sea rather than in a narrow
fjord. The main trunk of Thwaites Glacier is about 120 km wide, widen-
ing upstream into the heart of the WAIS. Today, the heavily crevassed
grounding zone of Thwaites Glacier is minimally buttressed and retreat-
ing onreverse-sloped bedrock at>1kmyr™in places, possibly owing
to MISI. The terminus currently sits in water too shallow (about 600 m
deep) to produce an unstable cliff face, but if retreat continues into
deeperbedrockand thickerice, a calving face taller than that of Jakob-
shavn could appear, with stresses and strain rates exceeding thresholds
for brittle failure'*®, Similar vulnerabilities exist at other Antarctic
glaciers, particularly where buttressing ice shelves are already thinning
from contact with warm sub-surface waters™.

Because of the very strong dependency of crack growth with increas-
ing stress””?, a previously unseenstyle of calving and ice failure might
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emerge atunbuttressed Antarcticice fronts with higher freeboard than
glaciers on Greenland”®. The potential pace of fracturing in such set-
tings remains uncertain®, but once a calving front backs into thicker
ice upstream, brittle failure could outpace viscous flow, inhibiting
the growth of a new shelf. Complete, sustained loss of anice shelfis
not required for structural failure'. If a small floating shelf survives
or reforms without providing substantial buttressing, the grounding
zone would remain under sufficient stress for collapse. Re-emerging
ice shelves would remain vulnerable to warm ocean waters and surface
meltwater, as evidenced atJakobshavn and Crane glaciers; despite fast
flow and mélange buttressing, persistentice tongues have not reformed
and calving continues.

Extensive loss of buttressing ice shelves (prerequisite for both MISIand
MICI) represents a possible tipping point in Antarctica’s future. This is
concerning, becauseice shelves are vulnerable to both oceanic melt from
below™ and surface warming above?, Rain and meltwater can deepen
crevasses? and cause flexural stresses?, leading to hydrofracturing and
ice-shelf collapse. Vulnerability to surface meltwater is enhanced where
firn (the transitional layer between surface snow and underlying ice)
becomes saturated and where ocean-driven thinning is already under-
way?, Airtemperatures above Antarctica’s largest ice shelves remain too
coldto produce sustained meltwater rates associated with collapse®**;
however, given sufficient future warming, this could change.

Modelling the AIS response to warming

Webuild on previous work® by improving a hybrid ice sheet-shelf model
thatincludes viscousice processesrelated to MISland brittle processes
related to MICI. The model allows conditionally unstable grounding
lines (MISI) on reverse-sloped bedrock in response to flow and stress
fields, bed conditions and surface mass balance. The model accounts
for oceanic sub-ice melt and meltwater-driven hydrofracturing of ice
shelves, leading to ice-cliff calving at thick, marine-terminatingice
fronts where stresses exceed ice strength (MICI). Model improvements
and extensions described in Methods and Supplementary Information
include new formulations of ice-shelf buttressing, hydrofracturing and
coupling witha comprehensive Earth-sea-level model, as well asice-
climate (meltwater) feedback mechanisms using the NCAR Community
Earth System Model. Parametric uncertainty is assessed using modern
and geological observations and statistical emulation. Regional climate
model (RCM) forcing used in future ice-sheet ensembles is substan-
tially improved relative to ref. 8, with the trajectory of warming being
comparable to that of other studies®® (Supplementary Information).

We test the future response of the AlS to scenarios representing
+1.5°Cand +2 °C global warming limits, a +3 °C scenario representing
current policies® and extended RCP emissions scenarios’. We consider
recently proposed negative feedback mechanisms that could slow the
pace of future ice loss, and emissions scenarios allowing a temporary
overshoot of Paris Agreement temperature targets followed by rapid
carbondioxide reduction (CDR), assuming that such geoengineering
is possible. The results identify emissions-forced climatic thresholds
capable of triggering rapid retreat of the AIS.

Calibrated model ensembles

To account for the current uncertainty in key parameters controlling
(1) the sensitivity of crevasse penetration to surface melt and rainwater
(hydrofracturing) and (2) theice-cliff calving rate, werun196 ice-sheet
simulations for each climate scenario described below. Each ensemble
member uses a unique combination of parameter values (Extended
Data Table 1), scored using a binary history-matching approach®3.
Scoring is based on the model’s ability to simulate the observed ice
loss, dM /dt, between 1992 and 2017 (IMBIE)*, and Antarctica’s contri-
bution to sea level in the last interglacial period (LIG)** and the
mid-Pliocene epoch®?* (Methods). Ensemble members falling outside
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Fig.1|Antarctic contribution to future GMSLrise. a-h, The fan charts show
thetime-evolving uncertainty and range around the median ensemble value
(blackline)in10%increments. a, c, e, g, Ensemble results from2000-2100,
including medianrates of GMSLrise (redline).b,d,f, hThesameasa,c,e, g,
extended to2300.a, b, Emissions consistent with a +1.5 °C global mean
warmingscenario. ¢, d, Emissions consistent with +2.0 °C. e, f, Emissions

the likely range of observations are discarded, and only parameter
combinations within the bounds of all three constraints are included
infuture projections. Bothmodern and geological constraints contain
considerable uncertainty with poorly known sample distributions, so
weighting of individual model outcomesis avoided. In Supplementary
Information we compare our ensemble scoring to a more rigorous
Gaussian process emulation approach®? to verify that the central
estimates of our calibrated ensembles are robust.
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consistentwith +3.0 °C.g, h, RCP8.5.Inh, two additional RCP8.5 simulations
areshownwithaverage calibrated parameter values (Methods) but with
atmosphere and ocean forcing provided by the NCAR CESM1.2.2 GCM with
(blueline) and without (red line) Antarctic meltwater feedback*®. Note the
expandedverticalaxesingandh.

Comparing simulated and IMBIE estimates of dM /dt (Extended Data
Fig.1a) eliminates 33 ensemble members (n=163). The effect of replac-
ing IMBIE with alternative (narrower) ranges of dM /dt on the basis of
solely GRACE data from 2002-2017% (Methods) is shown in Extended
DataFig. 2. The model performs well over the IMBIE interval with and
without hydrofracturing andice-cliff calving enabled. Although IMBIE
provides guidance on processes that cause contemporary mass change
(surface mass balance, oceanic-shelf thinning and grounding-line
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Table 1| Antarctic sea-level contributions

Scenario 2100 2200 2300 2500

+1.5°C ensemble 0.08 0.52 1.03 -
(0.06-0.10) (0.22-0.77) (0.61-1.22)

+2.0°C ensemble 0.09 0.58 1.09 -
(0.07-011)  (0.26-0.83) (0.68-1.25)

+3.0°C (NDCs) ensemble 0.15 0.81 1.54 -
(0.08-0.27) (0.45-1.25) (1.04-2.03)

RCP2.6 ensemble 0.09 0.58 110 -
(0.07-012) (0.27-0.85) (0.71-1.36)

RCP4.5 ensemble 0.09 0.67 1.29 -
(0.07-012)  (0.35-0.91) (0.90-1.59)

RCP8.5 ensemble 0.34 5.33 9.57 -
(0.20-0.53) (3.70-7.64) (6.87-13.55)

NDCs, no CDR 0.21 1.04 177 2.63

NDCs, CDRin 2200 0.21 1.04 170 2.39

NDCs, CDRin 2150 0.21 1.00 1.58 2.29

NDCs, CDRin 2100 0.21 0.79 1.34 2.04

NDCs, CDRin 2090 0.21 0.77 1.33 2.04

NDCs, CDR in 2080 0.20 0.74 1.30 2.03

NDCs, CDRin 2070 017 0.68 1.25 1.99

NDCs, CDRin 2060 0.08 0.53 1.09 177

NDCs, CDR in 2050 0.07 0.53 1.06 17

NDCs, CDR in 2040 0.06 0.36 0.94 1.59

NDCs, CDR in 2030 0.05 0.20 0.76 1.43

2020 constant forcing 0.05 0.20 0.75 1.34

Ensemble medians (top six rows) using IMBIE, LIG and Pliocene observational constraints,
reported in metres, relative to 2000. Values in parentheses are the 17th-83rd percentiles
(likely range). Scenarios refer to the maximum global mean temperature reached relative to
pre-industrial (1850) or following RCPs. Alternative ensemble outcomes using more restric-
tive ranges of ice-cliff calving parameters are provided in Extended Data Table 2. Model
simulations corresponding to Fig. 3 (bottom 12 rows) use average calibrated parameter values
(Extended Data Table 1). NDC simulations follow the standard +3 °C emissions scenario or
consider CDR beginning in 2200, 2150, 2100, 2090, 2080, 2070, 2060, 2050, 2040 or 2030.
An alternative scenario maintains the atmosphere and ocean climate forcing at 2020 (with

no additional future warming). Note that the +3.0 °C ensemble median (third row) differs from
the corresponding +3.0°C (NDCs) simulation using average model parameter values (seventh
row) owing to the skewness of the ensembles (Fig. 1).

dynamics), it does not sufficiently test the brittle-ice processes theo-
rized to become important in a warmer climate’®. Furthermore, the
25-year IMBIE record is very short relative to the dynamical response
time of anicesheet, and interdecadal and longer variability is not cap-
tured. Collectively, these issues motivate our use of geological records
from past warm periods as additional training constraints.

Adding the LIG constraint (3.1-6.1 m; 129-128 kyr ago) to IMBIE
eliminates 44 additional parameter combinations (n=119), but only
at the lower bound of the parameter range. Without MICI, the model
isincapable of simulating realistic LIG ice loss. Even at the top of the
parameter range, simulated rates of GMSL rise remainbelow1cmyr?,
slower than indicated by some LIG proxy records® (Extended Data
Fig.1b, ¢). Adding a warm mid-Pliocene test (11-21 m; 3.26-3.03 Ma)
further reduces the ensemble to n =109 by eliminating some of the
highest-valued parameter combinations. Similar to the LIG, hydro-
fracturing and ice-cliff calving must be included to satisfy Pliocene
geological observations, including regional retreat into East Antarctic
basins* (Extended Data Figs. 1d, 3). The model’s ability to simulate cur-
rent rates of ice loss without ice-cliff calving, while failing to simulate
pastretreat under warmer climate conditions (Extended Data Figs.1,
3),isat odds with the findings of ref. >, which assumed a lower range of
Pliocene sea-level constraints than the more recent data®** used here.
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Processes other than ice-cliff calving could be invoked to improve
geological model-data comparisons. For example, Pliocene retreat in
East Antarctica has been simulated in a model without MICI, using a
sub-ice melt scheme allowing the presence of melt beneath grounded
ice upstream of the grounding line*. Tidally driven seawater intru-
sion and non-zero melt beneath discontinuous sectors of grounding
zones has been observed®; however, model treatments used so far*
have been questioned on physical grounds*. Alternative (Coulomb)
sub-glacial sliding laws have been proposed* that can substantially
increase the rate of ice loss in models with ice shelves removed**, but
they have not been tested with realistic palaeoclimate forcing. We
stress that hydrofracturing and ice-cliff calving processes incorpo-
rated here are observed phenomena, tested under both modern and
geological settings.

Iceloss in both LIG and Pliocene ensembles saturates at the upper
range of parameter values (Extended DataFig.1). The LIGis sufficiently
warmto cause complete WAIS retreat, but not warmenough to trigger
retreat into East Antarctic basins, even if our nominal ice-cliff calv-
ing limit (13,000 m yr™) is doubled. Similarly, maximum ice loss in
the Pliocene ensemble reflects the loss of most marine-based ice, as
supported by observations®, but not more. As such, the geological
constraints do not rule out the possibility of faster Antarctic ice-cliff
calving rates than those observed on Greenland today, which would
substantially increase our future projections while remaining consist-
ent with geological observations.

Implications of the Paris Agreement

Werun ensembles of the transient response of the AlS to future green-
house gas emissions scenarios (Methods) representing global mean
warming limits of +1.5 °C, +2 °C and +3 °C (similar to current policies
and Nationally Determined Contributions, NDCs®), as well as RCP2.6,
RCP4.5and RCP8.5°. Only simulations with validated parameter com-
binations (Extended Data Fig. 4d) are included in the analysis. The
+1.5°C, +2 °C and +3 °C scenarios assume that there is no overshoot
intemperature; once these global mean temperatures are reached in
2040, 2060 and 2070, respectively, atmosphere and ocean forcings
are held constant.

Inthe +1.5 °Cand +2 °C ensembles, Antarctic ice loss continues ata
pacesimilar totoday’s throughout the 21st century (Fig.1, Table1). The
median contribution to sealevel in 2100 is 8 cm with +1.5 °C warming
and 9 cmwith+2 °C. By contrast, about 10% of the ensemble members
inthe+3 °Cscenario produce onset of major WAIS retreat before 2100.
This skews the upper bound of the +3 °C distribution (33 cmat the 90th
percentile), substantially increasing the ensemble median (15 cmiin
2100) relative to the +1.5°C and +2 °C scenarios. The jump in late 21st
centuryicelossat+3 °Cis mainly caused by retreat of Thwaites Glacier
(Fig. 2; Extended Data Fig. 5), which destabilizes the entire WAIS in
some ensemble members.

With more extreme RCP8.5 warming, thinning and hydrofracturing
of buttressing ice shelves becomes widespread, triggering marine
ice instabilities in both West and East Antarctica. The RCP8.5 median
contribution to GMSL is 34 cm by 2100. This is substantially less than
reported by ref. ® (64-105 cm), owing to a combination of improved
model physics and revised atmospheric forcing (Methods) that delays
the onset of surface melt by about 25 years. Nonetheless, the median
contribution to GMSL reaches1m by 2125 and rates exceed 6 cmyr by
2150 (Extended DataFigs. 6, 7). By 2300, Antarctica contributes 9.6 m
of GMSL rise under RCP8.5, almost 10 times more than simulations
limiting warming to +1.5 °C.

Inalternative ensembles, the upper bound of the maximum calving
rate (VCLIFF) is reduced from 13 kmyr* to 11 kmyr*or 8 kmyr™to
reflect Jakobshavn’s recent slowdown?, but the effect on the cali-
brated ensemble medians is small (Extended Data Table 2). The main
ensembles (Fig.1, Table 1) use 13 kmyr™as the upper bound because
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LIG and Pliocene responses saturate above these values and observa-
tions atJakobshavn demonstrate that such rates areindeed possible.
Future simulations excluding hydrofracturing and ice-cliff calving
produce less GMSL rise than our ensemble medians (Extended Data
Fig. 6). Similar to other models without ice-cliff calving®, enhanced
precipitationin East Antarctica partially compensates for MISI-driven
retreatin West Antarctica, but these simulations are excluded from
the future projections because they fail to reproduce the LIG and
Pliocene.
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Island Glacier (PIG) sector of West Antarctica corresponds to the
high-resolution (1,000 m) nested model domainin Extended DataFig.5.

a, Initialice-sheet conditions. b, Modelice sheetin 2100, showing the onset of
major retreat of Thwaites Glacier. ¢, Changeinice thicknessin 2100.d, Theice
sheetin2300, with Thwaites Glacier retreat leading to the loss of the WAIS.

e, Changeinice thicknessin2300.

Negative feedback mechanisms slowing ice loss

Because our modelincludes hydrofracturing, the onset of major retreat
is sensitive to the pace of future atmospheric warming. We compare our
RCM/CCSM4-driven RCP8.5 ensemble to two alternative simulations,
with atmosphere and ocean forcing supplied by the NCAR CESM1.2.2
GCM. Both CESM-forced simulations follow RCP8.5, but oneincludes
Antarctic meltwater feedback (Methods) by adding time-evolving
liquid-water and solid-ice discharge at the appropriate ocean grid cells
in the GCM*®,
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e-folding time of 100 years. The timing when CDR commences isshowninb.
Thesolid blackline is the same +3 °C simulation shown in Fig. 2 and Extended
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or warming after 2020. GHG concentrations are shownin CO, equivalent, in
units of preindustrial atmosphericlevel (PAL; 280 ppm). b, GMSL contributions
from Antarctica, corresponding to the scenariosin a, over the 21st century. All
simulations use identical model physics and average hydrofracturingand
ice-cliff calving parameters. Note the sharpincrease in late-21st-centuryice
losswhen CDRis delayed until2070.c, Thesameasb, butextended to 2500
(see Table1). Note the long-term dependence of GMSL rise on the timing when
mitigation begins. All scenarios exceed1mby 2500, and no scenario shows
recoveryof theicesheet, including those returning to near-preindustrial levels
of GHGs by about 2300.

Including meltwater discharge in CESM expands Southern Oceansea
ice, stratifies the upper ocean, and warms the subsurface (400 mwater
depth) by 2-4 °Caround most of the Antarctic marginin the early 22nd
century*®. Conversely, expanded sea ice suppresses surface atmos-
pheric warming by more than 5 °C, slowing the onset of surface melt
and hydrofracturingintheice-sheet model. The net result of competing
sub-surface ocean warming (enhanced sub-shelf melt) and atmos-
pheric cooling (reduced surface melt) produces a substantial negative
feedback on the pace of ice-sheet retreat (Fig. 1h). This contrasts ref. *,
which found anet positive (ocean-driven) meltwater feedback using an
ice-sheet model without hydrofracturing. The CESM-driven simulations
bracket our RCM/CCSM4-driven ensembles, supporting the timing of
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retreat in our main ensembles. Our RCM and CESM1.2.2 climate forc-
ings are evaluated relative to independent CMIP5 and CMIP6 GCMs
inSupplementary Information.

We test two additional negative-feedback mechanisms proposed to
provide a stabilizing influence on marine ice-sheet retreat. First, the
potential for channelized supraglacial runoffto delay or stop ice-shelf
hydrofracturing® is examined by reducing meltwater-enhanced surface
crevassinginregions of compressionalice-shelf flow (Supplementary
Information). Despite a reduced influence of meltwater, we find that
hydrofracturing in a warming climate still occurs near ice-shelf calv-
ing fronts, where the ice is thinnest, convergence and buttressing are
minimal®and air temperatures (melt rates) are highest. Once initiated,
meltwater-enhanced calving near the shelf edge reduces compressional
flowinice upstream and calving propagates. As aresult, reduced wet
crevassing in compressional flow does little to protect buttressing
ice shelves*® and the impact on our simulations is minimal (Supple-
mentary Fig. 3).

Second, we examine the potential for rapid bedrock uplift and
ice-ocean gravitational effects to lower relative sea level and reduce
ice loss at retreating grounding lines'. Exceptionally fast uplift rates
due to low mantle viscosities in the Amundsen Sea sector of West
Antarctica have been invoked to slow future retreat of the WAIS™.
This is tested by replacing the model’s standard Elastic Lithosphere/
Relaxed Asthenosphere representation of deforming bedrock with a
more complete viscoelastic (Maxwell) Earth model combining a radi-
ally varying, depth-dependent lithosphere and viscosity structure
withgravitationally self-consistent sea-level calculations (Methods)™.
Simulations assuming the lowest upper mantle viscosity™ with rapid
bedrock uplift under all of West Antarctica show limited potential for
ice-Earthfeedback mechanisms to slow retreat over the next approxi-
mately two centuries (Extended Data Fig. 8). This finding is consistent
with other recent studies™>*, although future work should explore
these effects at higher resolution and with a three-dimensional Earth
structure® including lateral heterogeneity of viscoelastic properties
under West and East Antarctica.

Implications of delayed mitigation

An additional set of simulations was run using a single combination
of ice-model parameters representing calibrated ensemble averages
(Extended Data Table1). The simulations either maintain current (2020)
atmosphere and ocean conditions without any future warming, or
begin to follow the +3 °C emissions pathway, except assuming that
CDR mitigation is initiated at different times in the future, beginning
in 2030, 2040, 2050, 2060, 2070, 2080, 2090, 2100, 2150 or 2200.
We optimistically assume that CDR technologies will be capable of
reducing CO,atmospheric mixingratios with an e-folding time of one
century (Fig. 3a).

We find that without future warming beyond 2020, Antarctica con-
tinues to contribute to 21st-century sea-level rise atarate roughly com-
parabletotoday’s, producing 5 cm of GMSL rise by 2100 and 1.34 m by
2500 (Fig. 3, Table1). Simulationsinitially following the +3 °C pathway,
butwith subsequent CDR delayed until after 2060, show asharp jump
in the pace of 21st-century sea-level rise (Fig. 3b). Every decade that
CDR mitigation is delayed has a substantial long-term consequence
on sealevel, despite the fast decline in CO, and return to cooler tem-
peratures (Fig. 3¢). Once initiated, marine-based ice loss is found to
be unstoppable onthese timescalesin all mitigation scenarios (Fig. 3).
The commitment to sustained ice loss is caused mainly by the onset of
marineiceinstabilities triggered by the loss of ice shelves that cannot
recover inawarmer ocean with long thermal memory (Fig. 3c).

Insummary, these results demonstrate that current policies allowing
+3 °C or more of future warming could exceed a threshold, triggering
extensive thinning and loss of vulnerable Antarcticice shelves and ensu-
ing marineiceinstabilities starting within this century. Resultingice loss



wouldbeirreversible on multi-century timescales, evenif atmospheric
temperatures return to preindustrial-like values (Fig. 3). Relative to the
+3 °Cscenario, sea-levelrise resulting fromthe +1.5 °C and +2 °C aspira-
tions of the Paris Agreement (Fig. 1) would have much less impact on
low-lying coastlines, islands and population centres, pointing to the
importance of ambitious mitigation.

Strong circum-Antarctic atmospheric cooling feedback caused by
meltwater discharge*® slows the pace of retreat under RCP8.5 (Fig. 1h).
However, other proposed negative feedback mechanisms associated
withice-Earth-sealevel interactions and reduced hydrofracturing
through surface runoff dolittle to slow ice loss on 21st- to 22nd-century
timescales.

Although we attempt to constrain parametric uncertainty, thisstudy
uses asingleice-sheet model, and structural uncertainty isaccounted
for only in the model improvements described herein. Similarly, our
mainensembles use asingle method of climate forcing, although with
future warming comparable to other state-of-the-art climate mod-
els (Supplementary Figs. 1, 2), and alternative simulations driven by
CESM1.2.2 produce similar results (Fig.1). More work is clearly needed
to further explore this uncertainty, using multiple ice-sheet models
accounting for processes associated with MISIand MICI, and with future
climate forcing that includes interactive climate-ice sheet coupling.

Ice-cliff calving remains a key wild card. Although founded on
basic physical principles and observations, its potential to produce
even faster rates of ice loss than those simulated here remains largely
untested with process-based models of mechanicalice failure. Here we
find that limiting rates of'ice-cliff calving to those observed on Green-
land canstill drive multi-metre-per-century rates of sea-level rise from
Antarctica (Extended DataFig. 7). Given the bedrock geography of the
much larger and thicker AIS, the possibility of even faster mechanical
iceloss should be a top priority for further investigation.
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Methods

Ice-sheet modelling framework

The ice sheet-shelf model uses hybrid ice dynamics™ with an internal
boundary condition onice velocity at the grounding line®. Grounding
lines can migrate freely, and the model accounts for the buttressing
effects of ice shelves with pinning points and side shear (see Supple-
mentary Information). In our solution of the dynamical shallow shelf
(SSA) equations, ice velocities across grounding lines areimposed asa
function of local sub-gridice thickness, with the sub-grid interpolation
accurate to the limit of the resolved bathymetry. This is also true for
diagnosed stresses and ice-cliff failure rates, which makes the model
largely independent of grid resolution (Extended Data Fig. 5). A reso-
lution of 10 km is used for continental simulations used in our main
ensembles (Figs.1-3). A nested 1-km grid is used for a select simula-
tion over West Antarctica (Extended Data Fig. 5). The model uses a
standard Weertman-type basal sliding law®, with basal sliding coef-
ficients determined by an inverse method that iteratively matches
model ice-surface elevations to observations under modern climate
conditions®’. We use Bedmap2> bathymetric boundary conditions.
Using alternative BedMachine®bathymetry is found to have only asmall
effect on continental-scale sea-level projections (<1.5% difference under
RCP8.5in2300). Several advances relative to previous versions of the
model”®* are described below and in Supplementary Information.

Sub-ice melt rates

Themodel used hereincludes an updated treatment of sub-ice oceanic
melting. Oceanic meltrates are calculated at each floatingice grid cell
asaquadratic function of the difference between nearest sub-surface
ocean temperatures at 400-m water depth and the pressure melting
pointofice®**. The model accounts for evolving connectivity between
agivenicemodel grid celland the open ocean, and elevated plume melt
onsubsurface vertical ice faces®. All melt calculations are performed
with spatially uniform physics, including asingle, uniform coefficient
inthe ocean meltrelationbased on a 625-member ensemble of simula-
tions of WAIS retreat through the last deglaciation®. Although it would
be possible to performinverse calculations for a distribution of coeffi-
cientswithineach basin based on modernice-shelf melt observations*,
their patternsare likely to change substantially within the timescales of
our simulations as ocean circulation, grounding-line extents and cavity
geometriesevolve.A1.5 °Csub-surface oceantemperature adjustment
isused inthe Amundsen Sea sector to bring ocean melt rates closer to
observations®® when using CCSM4 ocean model temperatures that
underestimate observed shelf-bottom water temperatures®. Thisisa
substantialimprovement relative to the 3 °C temperature adjustment
required previously®.

Ice-shelfhydrofracturing

Inthe model, surface crevasses deepen as afunction of the stress field
andlocal meltwater and rainfall availability”®*®, leading to hydrofractur-
ingwhen surface and basal crevasses penetrate 75% or more of the total
ice thickness. With greatly increased surface melt, modelice shelves can
be completelylost.Inthe standard wet crevassing scheme, we assume
aquadratic relationship between surface crevasse penetration depth
d, (inmetres) and total meltwater production R (rain plus surface melt
minus refreezing; in myr™?). A tunable prefactor, CALVLIQ, is varied
between zero (no meltwater influence on crevassing) and 195 m™ yr?
inthe ensembles presented in the main text.

d,, = CALVLIQ R>.

Calvingoccursin places where the sum of the surface and basal cre-
vasse penetration caused by extensional stresses, accumulated strain
(damage), thinning and meltwater (d,,), exceeds the critical fraction
(0.75) of total ice thickness (see appendix B of ref.”).

The crevassing scheme is modified here relative to previous model
versions”®*, by reducing wet crevassing in areas of low-to-moderate
meltwater production (<1,500 mm yr™), ramping linearly from zero,
where no meltwater is present, to d,, where R=1,500 mm yr’. This small
modification improves performance by maintaining more realistic
ice-shelf calving fronts under present climate conditions, although
it conservatively precludes the loss of ice shelves with thicknesses
comparable to the Larsen B until R approaches ~1,400 mm yr™, which
is more than that observed before the actual collapse (-750 mm yr ™),
Whereasliquid water embedded in firn and partial refreezing of melt-
water are accounted for®¥, the detailed evolution of firn density and
development ofinternalice lenses are not, which could affect the timing
at which hydrodrofacturing is simulated to begin. A modification to
hydrofracturing described in Supplementary Information tests the
possible influence of channelized meltwater flow and supraglacial
runoffin compressional ice-shelf regimes.

Calving and ice-cliff failure

Two modes of brittle fracturing causing ice loss are represented in
the model: (1) ‘standard’ calving of ice bergs from floating ice, and (2)
structural failure of tallice cliffs at the grounding line. Similar to other
models, standard calving depends mainly on the grid-scale divergence
of ice flow, producing crevasses to depths at which the extensional
stress is equal to the hydrostatic imbalance®. Crevasse penetration
is further increased as a function of surface meltwater and rain avail-
ability (see above).

Unlike most continental-scale models, we also account for ice-cliff
calving at thick, marine-terminating grounding lines. Such calving is
a complex product of forces related to glacier speed, thickness, lon-
gitudinal stress gradients, bed conditions, side shear, pre-existing
crevasses, mélange and other factors®®. Determining the precise mode
and rate of failure is the focus of ongoing work'”#2%¢; at present, a
suitable physically based calving model has yet to be developed. In
our model”, ice-cliff calving occurs where static stresses at the calv-
ing front (assumed to be exactly at floatation) begin to exceed the
depth-averagedyield strength of glacialice, assumed here tobe 0.5 MPa
(ref.’®). We account for crevassing near the cliff face (influenced by
the stress regime and the presence of meltwater’), which thins the
supportive ice column and increases the stress at the ice front. Where
the critical stress threshold is exceeded, ice-cliff calving is applied asa
horizontal wastage rate, ramping linearly from zero up toa maximum
rate as effective cliff heights (adjusted for buttressing and crevassing)
increase from ~80 to 100 m and above. This maximum calving rate is
treated as a tunable model parameter (VCLIFF), replacing the arbitrary
default value of 3 km yrin equation A.4 of ref.”. In this formulation,
ice-cliff calving ratesin places diagnosed to be undergoing structural
failure are generally much smaller than VCLIFF (Extended DataFig. 5).
We note that thelinear cliff height-calving relationship with animposed
calving limit (VCLIFF) used here is conservative relative to another
proposed calving law? that assumes a power-law dependence on cliff
heightand no upper bound onthe calvingrate. Furthermore, our model
numerics preclude regular calving in places undergoing ice-cliff fail-
ure, so the computed ice-cliff calving rate can be considered as the
sum of all calving processes at thick marine-terminating ice fronts.
This allows direct comparison of model calving (Extended Data Fig. 5)
with observations. Mélange can slow calving by providing some back
stress at confined calving fronts®*®? but it has limited effect on the
large unconfined widths of Antarctic outlets®, so it is ignored here.

Ensemble parameters

Our primary perturbed physics ensembles use a 14 x 14 matrix (n =196)
of CREVLIQ and VCLIFF in the hydrofracturing and ice-cliff calving
parameterizations described above (Extended Data Table 1). The 14
values of CREVLIQ vary between 0 and 195 m yr?in evenly spaced
increments. VCLIFF varies between 0 and 13 kmyr ™. Previous studies”®



considered asmaller, arbitrary range of VCLIFF values of up to Skmyr™;
however, observed rates of horizontal ice loss through ice-cliff calving
canreach13kmyratthe terminus of Jakobshavn Isbrae in West Green-
land®, sowe limit the top of our parameter range in our main ensembles
to this observationally justifiable value. As discussed in the main text,
this upper bound might be too small for Antarctic settings with thicker
icemargins, taller unconfinedice fronts and higher deviatoric stresses
at unbuttressed grounding lines. Select simulations extending the
upperbounds of CALVLIQ and VCLIFF above 195 m™yr’and 13kmyr~,
respectively, are shownin Extended DataFig. 1. Setting these parameter
values to zero (Extended Data Figs. 1, 6) effectively eliminates hydro-
fracturing and ice-cliff calving, limiting rates of ice loss to processes
associated with standard calving, surface mass balance, sub-ice melt
and MISI, as in most other continental-scale ice-sheet models.

Ensemble scoring based onrecent observations

Future ice-sheet simulations begin in 1950 to allow comparisons with
observations over the satellite era. For consistency, initial ice-sheet con-
ditions (ice thickness, bed elevation, velocity, basal sliding coefficients
and internal ice and bed temperatures) follow the same procedure
asinref. 8 and are identical in all simulations. Initialization involves a
100,000-kyr spin-up using observed mean annual ocean climatology®®
and standard SeaRISE®® atmospheric temperature and precipitation
fields®”.

We consider three different estimates of recent changes in Antarctic
ice mass to test the performance of each ensemble member with a
unique combination of model physical parameters (Extended Data
Table1). We use the average annual mass change dM /dtfrom1992-2017
(equivalent to a GMSL change of 0.15-0.46 mm yr™) provided by the
IMBIE assessment*, which is based on a combination of satellite altim-
etry, gravimetry and surface mass balance estimates. We use the 25-year
average to minimize the influence of simulated and observed interan-
nual variability (Extended DataFig. 1a) on ensemble scoring, although
decadal and longer variability®® are not fully captured. Alternative
target ranges use mass change calculations based solely on the Gravity
Recovery and Climate Experiment (GRACE), following the methodol-
ogy described inref. ** and updated from April 2002 to June 2017. The
glacialisostatic adjustment (GIA) component of the GRACE estimates
represents the largest source of uncertainty. We use three GIA mod-
els®”!, For eachmodel we use arange of GIA corrections generated by
the authors of*°””!, assuming a range of viscosities and lithospheric
thicknesses®”'. The lower bound of our mass change estimates is cal-
culated using the minimum GIA correction from the three models®* "
and the upperboundis calculated using the maximum GIA correction.
Thisyields a2002-2017 average estimate of 0.2-0.54 mmyr™, close to
the central estimate from IMBIE over the same interval. Alternatively,
we consider viscosity profiles from each of these studies that have been
reported to provide the best fit to observations® . This substantially
narrows and shifts the 2002-2017 range towards higher values (0.39
to 0.53 mmyr™), whichisimpactful on our ensemble scoring and future
projections, highlighting the need for more precise modern observa-
tions. Although the uncertainty range of estimates based solely on
GRACE is smaller, the longer IMBIE record is used as our default train-
ing constraint over the modern era.

LIG ensemble

LIG simulations use model physics, parameter values and initial condi-
tions identical to those used in our Pliocene and future simulations.
The ice-driving atmospheric and oceanic climatology representing
conditionsbetween130 and125kyragois the same as that used in ref. 3,
and is based on a combination of regional atmospheric modelling
and proxy-based reconstructions of air and ocean temperatures’.
Differences in the timing and magnitude of our modelled Antarctic
ice-sheet retreat relative to independent LIG simulations” reflect the
differentapproachesto LIG climate forcing and structural differences

inourice-sheet models, including the inclusion of hydrofracturing and
ice-cliff calving in this study.

Our ensemble scoring uses a LIG target range of Antarctic ice loss
equivalent to 3.1-6.1 m, which is assumed to have occurred early in
the interglacial between 129 and 128 kyr ago (Extended Data Fig. 1).
Therange used hereisbased onaprior estimate of GMSL of 5.9 +1.7 m
by 128.6 + 0.8 kyr ago*® (20 uncertainty), rounded to the nearest half
metre (4.5-7.5 m) to reflect the current uncertainty in the magnitude
(dueto GlA effects and dynamic topography) and timing of LIG sea-level
estimates®”. The Antarctic component is deconvolved from the GMSL
value by assuming that Greenland contributed no more than1mbefore
128 kyr ago”™ 77, with an additional 0.4 m contributed by thermosteric
effects”™. Contributions from mountain glaciers in the early LIG are
notknown and arenotincluded in our simple accounting. We find that
rounding the exact GMSL values fromref.* (5.9 £ 1.7 mor 2.8-6.2 m
after accounting for Greenland and thermosteric components) has no
appreciable effect on the outcome of the calibrated ensembles. The
target range of 3.1-6.1 m used here is lower than the 3.6-7.4 mrange
used inref.%, but we emphasize thatitis based ona coralrecord froma
singlelocation (Seychelles), and ongoing work may further refine this
range. For example, a recent study’ attempting to simultaneously fit
relative sea-level data at several locations was able to reproduce early
LIG changes observed in the Seychelles without a substantial contri-
bution from Antarctica, butit required a thin lithosphere in the Earth
model used to correct for GIA. Conversely, another study’® indicated
that a North American ice sheet may have persisted until -126 kyr ago
orlater.Iftrue, this would require a substantial Antarctic contribution
to GMSL to offset remaining North Americaniceintheearly LIG. These
alternative scenarios remain speculative, but they highlight the ongo-
ing uncertainty in the palaeo sea-level records. Our LIG and Pliocene
ensemble data (Extended Data Figure 1) are provided as source data
to allow others to test the impact of alternative palaeo sea-level inter-
pretations on the future projections.

Pliocene ensemble

Mid-Pliocene simulations also use consistent ice model physics and the
same RCM climate forcing described inref.®, assuming 400 ppm CO,,
an extreme warm austral summer orbit and 2 °C of ocean warming to
represent maximum mid-Pliocene warmthin Antarctica. Theice-sheet
simulations are run for 5,000 model years, the approximate duration
that the warm orbital parameters are valid (Extended DataFig.1). The
Pliocene maximum GMSL target range of 11-21 mis based ontwo recent,
independent estimates of warm mid-Pliocene (3.26-3.03 Myr ago)
sea level**”. In ref. *, shallow marine sediments are used to estimate
the glacial-interglacial range of GMSL variability over this interval.
Assuming +5 m of uncertainty in the sea-level reconstructions and up
to 5 m of GMSL change contributed by Greenland, at times orbitally out
of phase with the timing of Antarctic ice loss®, the central estimate of
Antarctica’s contribution to GMSL is 17.8 £ 5 m. This value is adjusted
downwards to16 m, according to anindependent estimate derived from
Mediterranean cave deposits corrected for geodynamical processes™.
Combining the lower central estimate of ref.* and the uncertainty range
of ref. * provides an Antarctic GMSL target range of 11-21 m, close to
therange of10-20 mused inref. %, albeit with considerable uncertainty.

Future ensembles

We improve on previous work® with new atmospheric climatologies
used to run futureice-sheet simulations using dynamically downscaled
meteorological fields of temperature and precipitation provided by
an RCM” adapted to Antarctica. RCM snapshots are run at 1950 and
with increasing levels of effective CO, (2, 4 and 8 times the preindus-
trial level) while accounting for topographic changes in the underly-
ingice sheet as described in ref. . The resulting meteorological fields
are then time-interpolated and log-weighted to match transient CO,
concentrations following the emissions scenarios simulated here.
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This technique is computationally efficient and flexible, allowing a
number of multi-century emissions scenarios to be explored, including
non-standard RCP scenarios (Fig.1) and those including CDR mitigation
(Fig.3).Unlike inref.8, sea surface temperatures and seaice boundary
conditions in the nested RCM come from the same transient NCAR
CCSM4% runs that provide the time-evolving sub-surface ocean tem-
peratures used in our sub-ice melt rate calculations. This eliminates
the need for an imposed lag between transient greenhouse gas con-
centrations and equilibrated RCM climates as done previously®. Our
revised approach delays the future timing at which surface meltwater
begins to appear onice-shelf surfaces, and the resulting atmospheric
temperatures compare favourably with independent CMIP5 and CMIP6
GCMs (Supplementary Figs.1,2) and NCAR CESM1.2.2 (Fig. 1h).

Monthly mean surface air temperatures and precipitation from
the RCM are used to calculate the net annual surface mass balance
ontheice sheet. These fields are bilinearly interpolated to the rela-
tively fineice-sheet grid, and temperatures are adjusted for the verti-
cal difference between RCM and ice-sheet elevations using a simple
lapse-rate correction. The lapse-rate correctionis also applied to pre-
cipitation on the basis of a Clausius-Clapeyron-like relation. A two-step
zero-dimensional box model using positive-degree days for snow and
ice melt captures the basic physical processes of refreezing versus
runoffin the snow—firn column®%. The total surface melt available to
influence surface crevassing (Supplementary Fig. 1) is the fraction of
meltwater thatis not refrozen near the surface, plus any rainwater.

A spatially dependent bias correction based on reanalysis (Supple-
mentary Fig. 2) could be applied to the RCM forcing, but such correc-
tions are unlikely to remain stationary. Instead, we apply a uniform
2.9 °Ctemperature correction, reflecting the austral summer cold bias
inthe RCM over ice surface elevations lower than 200 m, where surface
meltis most likely to begin. The cold bias, caused by an underestimate
of net long-wave radiation, is observed in other Antarctic RCMs and
GCMs®#2, Correcting for the cold bias and accounting for rainwater
increases the total available surface meltwater in our RCP8.5 simu-
lations relative to other studies™ (see Supplementary Information).

The +1.5°Csimulations initially follow aRCP4.5 emission trajectory’,
with time-evolving atmospheric fields provided by the RCM and match-
ing sub-surface ocean temperatures from an RCP4.5 CCSM4 simula-
tion®. The ice-driving climatology evolves freely until 2040, when
decadalglobal mean surface air temperatures first reach +1.5 °C relative
t01850. Once the +1.5 °C temperature target is reached, the atmosphere
and ocean forcings are fixed (maintained) at their 2040 levels for the
duration of the simulations. The +2 °C scenario is alsobased on RCP4.5,
but warmingis allowed to evolve until 2060. 21st-century warming does
not reach +3 °C under RCP4.5, so our +3 °C scenario (roughly repre-
senting the NDCs) is based on RCP8.5, with atmospheric and oceanic
forcing fixed beyond 2070. Warming trajectories over major Antarctic
iceshelves are shownin Supplementary Figs. 1, 2.Ice-sheet ensembles
following extended RCP2.6, RCP4.5 and RCP8.5 scenarios’® are shown
in Extended Data Fig. 6 for comparison with ref. 5.

Alternative future ensembles (Extended Data Table 2) truncate the
upperbound of the VCLIFF calving parameter from13kmyr™ (Table1) to
either11kmyr™or8kmyr™, toaccount for the possibility that 13 kmyr™
calving rates observed atJakobshavn between 2002 and 2015 are not
representative of the glacier’s long-term behaviour. This reduces the
raw ensembles fromn=196 ton=168 and n=126, respectively. An upper
bound of 8 kmyris difficult to justify because higher values cannot be
excluded by the modern, LIG and Pliocene history matching. Further-
more, 8kmyrisvery close to the validated average value of 7.7 kmyr™
in the main ensemble. Using an upper bound of 11 km yrinstead of
13kmyr'has only asmall effect on future projections (Extended Data
Table2). We consider13kmyr™ to be areasonable upper bound for our
main ensembles (Fig. 1) because this rate has been observed in nature”
and because ensemble members using this value cannot be excluded
on the basis of model performance (Extended Data Fig. 1).

Coupledice-Earth-sealevel model

Most simulations use a standard Elastic Lithosphere/Relaxed Asthe-
nosphere (ELRA) representation of vertical bedrock motion®'. The
ELRA model accounts for time-evolving bedrock deformation under
changingiceloads, assuming an elastic lithospheric plate above local
isostatic relaxation. Alternative simulations (Extended Data Fig. 8)
account for full Earth-ice coupling using a viscoelastic (Maxwell) Earth
model, combining aradially varying, depth-dependent lithosphere and
mantle structure and gravitationally self-consistent sea-level calcula-
tions following the methodology described in ref. 2.

Seismic®#* and geodetic*% observations suggest substantial lateral
variability in a viscoelastic Earth structure, with lower-than-average
viscosities in parts of West Antarctica leading to faster uplift where
ice massis lost at the grounding line. Owing to the current uncertain-
ties in Earth’s viscoelastic properties, we test a broad range of viscos-
ity profiles. These include two end-member profiles described in
refs.'>*; one with a relatively high viscosity profile (HV) consistent with
standard, globally tuned profiles; and one with a thinned lithosphere
and alow-viscosity zone of 1,019 Pa s in the uppermost upper mantle
(LVZ) thatis broadly representative of West Antarctica. Here, we testa
new profile (BLVZ) similar to LVZ, but assuming a vertical profile with
the upper zone one order of magnitude less viscous than in LVZ, as
recently proposed for the Amundsen Sea region'. The BLVZ model is
consistent with the best-fitting radial Earth modelinref.'°,and uses a
lithospheric thickness of 60 km, ashallow upper mantle from 60 kmto
200 km depth with a viscosity of 3.98 x 10" Pa s, a deep upper mantle
from 200 km to 400 km with a viscosity of 1.59 x 10" Pa s, a transition
zone from 400 km to 670 km depth with a viscosity of 2.51 x 10 Pass,
and alower mantle viscosity of 1x 10" Pas.

Two sets of coupled ice-Earth-sealevel simulations are run for each
viscosity profile, with and without hydrofracturing and ice-cliff calving
enabled (Extended DataFig. 8). Simulations with the brittle processes
enabled use values of CALVLIQ (105 m™yr?) and VCLIFF (6 kmyr™) close
to the ensemble averages. The simulations follow our standard RCP
forcing to test the effect of ice—Earth-sea level feedback on future
projections. We find that the effects on equivalent sea-level rise are
quite small on timescales of afew centuries and similar to those using
the ELRA bed model, confirming that the use of the latter in our main
ensembles (Fig.1) is adequate.

CESM ice-sheet simulations

Two additionalice-sheet simulations are run using future atmospheric
and oceanic forcing provided by two different RCP8.5 simulations
described in ref. * and using the NCAR CESM 1.2.2 GCM with CAMS5
atmospheric physics¥. Ice-sheet model physics and parameter val-
uesareidentical in both simulations. Hydrofracturing (CALVLIQ) and
cliff calving (VCLIFF) parameters use calibrated ensemble averages of
107 m™yr*and 7.7 kmyr™, consistent with the RCM-driven simulations
showninFigs.2,3.The standard RCP8.5simulationignores future Ant-
arctic meltwater and dynamic discharge, whereas an alternative simula-
tionaccounts for time-evolving and spatially resolved liquid-water and
solid-ice inputs around the Antarctic margin (peaking at >2 Sv in the
early22nd century), provided by an offline RCP8.5 ice-sheet simulation
including hydrofracturing and ice-cliff calving*®. The evolving tempera-
ture and precipitation fields from CESM are spatially interpolated and
lapse-rate-adjusted to theice-sheet model grid, using the same surface
mass balance scheme used in our main RCM-forced ensembles. Simi-
larly, sub-ice melt rates from CESM are calculated in exactly the same
way as those provided by CCSM4 in our main ensembles. Although this
discrete two-step coupling between CESM and the ice-sheet model does
not account for time-continuous, fully coupled ice-ocean-climate
feedback mechanisms, the two simulations (with and without ice-sheet
discharge) span the envelope of possible outcomes when two-way
meltwater feedback is fully accounted for. The two simulations using



CESM with and without meltwater feedback are shown in Fig. 1h for
comparison with our main RCM/CCSM4-forced ensembles.

Data availability

Model-generated dataassociated with this work are available with this
paper. Three-dimensionalice-sheet model output associated with Fig.2
and Extended DataFigs. 3, 5are available at the ScholarWorks@UMASS
Ambherst repository (https://doi.org/10.7275/j005-r778). Climate model
forcing used in our main ensembles and meltwater-feedback simula-
tions (Fig. 1) are reported in refs. ***°, Source data are provided with
this paper.

Code availability

The modified ice-sheet model codes based on ref. ! are available
from the corresponding author. CESM1.2.2 GCM¥ is available from
NCAR (https://www.cesm.ucar.edu/models/cesm1.2/) and the RCM
isreportedinref.”. The Earth-sealevel modelis described in refs. %
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Extended DataFig.1|Ensemble observational targets. 196 simulations (grey
lines), each using a unique combination of hydrofracturing and ice-cliff calving
parameters (Extended Data Table 1) compared with observations (blue dashed
boxes). Solid blue lines show simulations without hydrofracturing and ice-cliff
calving. Red lines show simulations with maximum parameter values in our
mainensemble. Additional simulations (black lines) allow ice-cliff calving rates
ofupto26 kmyr™, twice the maximum value used in our main ensembles. The
vertical heights of the blue boxes represent the likely range of observations.
Changesinice massabove floatationare showninequivalent GMSL.

a, Simulated annual contributions to GMSLin the RCP8.5 ensemble compared
with the1992-2017 IMBIE* observational average (0.15-0.46 mmyr; dashed

blue box). b, LIG ensemble simulations from130 to 125 kyr ago. The height of
the dashed blue box shows the LIG target range (3.1-6.1m), the width
represents~1,000-yr age uncertainty®. ¢, The same LIG simulationsasinb,
showing the rate of GMSL change contributed by Antarctica, smoothed overa
25-yrwindow. The peakin the early LIG is mainly caused by marine-based ice
lossin West Antarctica.d, The same as b, except for warmer mid-Pliocene
conditions. Maximum ce loss iscompared with observational estimates of 11-
21m (refs.*¢; blue dashed lines). Note the saturation of the simulated GMSL
values near the top of the LIG and Pliocene ensemble range, and the failure of
themodelto producerealistic LIG or Pliocene sealevels without
hydrofracturing and ice-cliff calving enabled (blue lines).
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much slower than the maximum allowable value of 7.7 kmyr™. Ice shelves
downstream of calvingice cliffs are the equivalent of weak mélange, incapable
of stopping calving®*. b, e, Ice surface speed showing streaming and fast flow
justupstreamof calvingice cliffswheredriving stresses are greatest.
c,f,Changeinice thicknessrelative to theinitial state. g, GMSL contributions
within the nested domain at model spatial resolutions spanning 1-10 km.

Extended DataFig. 5|Futureretreat of Thwaites Glacier (TG) and Pine
Island Glacier (PIG) with +3 °Cglobal warming. The Amundsen Seasector of
theicesheetinanested, high-resolution (1km) simulation using average
calibrated values of hydrofracturing and ice-cliff calving parameters
(CALVLIQ=107 m™yr%; VCLIF =7.7kmyr™), consistent with those used in
CESM1.2.2-forced simulations (Fig.1h) and CDR simulations (Fig. 3, Table1).
a-c, Theicesheetin2050.d-f, Theice sheetin2100.a,d, Ice-sheet geometry
and annually averaged ice-cliff calving rates at thick, weakly buttressed
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Extended DataFig. 6 | Antarctic contributiontosealevelunderstandard
RCPforcing.a-c, The fancharts show the time-evolving uncertainty and range
around the median ensemble value (thick blackline) in10% increments. The
RCPensembles use thesame IMBIE, LIG and Pliocene observational constraints
applied to the simulationsin Fig. 1. GMSL contributions in simulations without
hydrofracturingorice-cliff calving (excluded from the validated ensembles)
areshown for East Antarctica (thinblueline), West Antarctica (thinred line) and
the total Antarctic contribution (thinblackline).a,RCP2.6; b, RCP4.5;and c,
RCP8.5.
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before2060 (blackline) caused by increased snowfall. ¢, Ensemble median
(50th percentile) projections of GMSL rise contributed by Antarctica with
emissions forcing consistent with standard RCP scenarios, highlighting the
potential for extreme GMSL rise under high (RCP8.5) emissions.d, Ensemble
median (50th percentile) rates of GMSL rise in the same RCP scenarios as shown
inc.Note the muchlarger vertical-axis scalesincand d relative toaandb.

Extended DataFig.7|Long-term magnitudes and rates of GMSLrise
contributed by Antarctica. a, Ensemble median (50th percentile) projections
of GMSL rise contributed by Antarctica with emissions forcing consistent with
the+1.5°Cand +2.0 °C Paris Agreement ambitions, versus a +3.0 °Cscenario
closer tocurrent NDCs. b, Median (50th percentile) rates of GMSL rise in the
same emissions scenariosasina, illustratingasharpjumpinicelossinthe
warmer +3.0 °C scenario after 2060 (also see Fig.1), and reduced neticeloss
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Extended DataFig. 8| Coupled ice-Earth-sealevel model simulations. Amundsensea'®, butextended continent-wide. a, RCP2.6 without
a-c, Simulations without hydrofracturing and ice-cliff calving processes. hydrofracturingorice-cliff calving. b, RCP2.6 with hydrofracturing and
d-f, Simulations with hydrofracturing and ice-cliff calving enabled (Methods). ice-cliff calving. ¢, RCP4.5without hydrofracturing orice-cliff calving.
GMSL contributions are from the WAIS only. Various Earth viscosity profiles d, RCP4.5with hydrofracturingandice-cliff calving. e, RCP8.5 without
(colouredlines) are compared with theice-sheet model’s standard ELRA hydrofracturing or ice-cliff calving. f, RCP8.5 with hydrofracturing and ice-cliff

formulation (black line). The most extreme viscosity profile (blue line) assumes  calving.
athinlithosphere and very weak underlying mantle, like that observedin the
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Extended Data Table 1| Model ensemble parameter values

Meltwater crevassing Maximum calving rate,
parameter, CALVLIQ (m™' yr?) VCLIFF (km yr")
0 0

15 1

30 2

45 3

60 4

75 5

90 6

105 7

120 8

135 9

150 10

165 11

180 12

195 13

Parameter values used in unique combinations to generate 196 model ensemble members.
Blue and red values correspond to the simulations shown by blue and red lines in Extended
Data Fig. 1. Thirteen additional combinations extending CALVLIQ to 390 m™ yr? and VCLIFF to
26 km yr™ are shown in black in Extended Data Fig. 1. The average calibrated parameter values
based on IMBIE, LIG and Pliocene history matching (Extended Data Fig. 1) are

CALVLIQ =107 m™ yr?and VCLIFF = 7.7 km yr™. The corresponding median values are
105m™yr?and 7 kmyr™.



Extended Data Table 2 | Antarctic sea-level contributions with alternative maximum ice-cliff calving rates

Scenario

2100

2200

2300

+1.5°C (13 km yr™)
+1.5°C (11 km yr'")
+1.5°C (8 km yr)
+2.0°C (13 km yr')
+2.0°C (11 km yr')
+2.0 °C (8 km yr")
+3.0°C (13 kmyr')
+3.0°C (11 km yr')
+3.0 °C (8 km yr")
RCP2.6 (13 km yr')
RCP2.6 (11 km yr)
RCP2.6 (8 km yr)
RCP4.5 (13 km yr)
RCP4.5 (11 km yr')
RCP4.5 (8 km yr)
RCP8.5 (13 km yr')
RCP8.5 (11 km yr")
RCP8.5 (8 km yr')

0.08 (0.06-0.10)
0.08 (0.06-0.90)
0.08 (0.06-0.90)
0.09 (0.07-0.11)
0.09 (0.07-0.10)
0.09 (0.07-0.10)
0.15 (0.08-0.27)
0.14 (0.08-0.23)
0.14 (0.08-0.20)
0.09 (0.07-0.12)
0.08 (0.07-0.10)
0.08 (0.07-0.09)
0.09 (0.07-0.12)
0.09 (0.07-0.11)
0.09 (0.07-0.11)
0.34 (0.20-0.53)
0.31 (0.19-0.47)
0.30 (0.20-0.43)

0.52 (0.22-0.77)
0.48 (0.22-0.59)
0.44 (0.18-0.55)
0.58 (0.26-0.83)
0.52 (0.25-0.63)
0.50 (0.22-0.60)
0.81 (0.45-1.25)
0.71 (0.43-1.09)
0.67 (0.41-1.00)
0.58 (0.27-0.85)
0.52 (0.27-0.67)
0.48 (0.23-0.60)
0.67 (0.35-0.91)
0.64 (0.34-0.78)
0.57 (0.30-0.70)
5.33 (3.70-7.64)
4.96 (3.49-6.38)
4.41(3.20-5.71)

1.03 (0.61-1.22)
0.98 (0.61-1.08)
0.95 (0.48-1.04)
1.09 (0.68-1.25)
1.05 (0.67-1.16)
1.01 (0.55-1.10)
1.54 (1.04-2.03)
1.43 (0.99-1.83)
1.40 (0.94-1.75)
1.10 (0.71-1.36)
1.07 (0.71-1.17)
1.00 (0.58-1.11)
1.29 (0.90-1.59)
1.26 (0.89-1.40)
1.20 (0.75-1.32)
9.57 (6.87-13.55)
8.80 (6.77-11.66)
8.10 (5.88-9.73)

Ensemble median GMSL contributions using IMBIE, LIG and Pliocene observational constraints (in metres) relative to 2000. Values in parentheses are the 17th-83rd percentiles (likely range).
Scenarios refer to the maximum global mean temperature reached relative to pre-industrial (1850) or following extended RCPs, and with the upper bound of the ice-cliff calving parameter
(VCLIFF) set at the maximum observed value of 13 km yr™' (n =196; Table 1), or alternatively at 11 km yr™ (n =168) or 8 km yr™ (n =126). Reducing the upper bound of the ice-cliff calving parameter
has a relatively small impact on ensemble medians, especially in the near term. The average calibrated value of VCLIFF constrained by observational constraints is 7.7 km yr™, which severely
truncates the upper tail of the distributions when using 8 km yr™ as the sampling limit.
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