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Abstract15

The disappearance of ice shelves, the floating margins of the Antarctic ice sheet16

that restrain the ice flow into the ocean [1–3], would strongly accelerate the17

Antarctic contribution to sea-level rise [4–6]. Their viability in a warming world18

has motivated a lot of work, strongly focussing on the influence of the warming19

atmosphere [7–10]. Here we revisit the concept of ice-shelf viability in a holistic20

manner, taking into account mass loss due to both the atmosphere and the ocean21

to estimate when it becomes virtually impossible for the ice shelves to maintain22

their present-day shape. We show that, for a scenario remaining largely below23

2°C of global warming, only one out of 64 ice shelves likely becomes non-viable24

by 2300. For a scenario reaching nearly 12°C of global warming by 2300, many25

ice shelves become non-viable once global warming exceeds 4.5°C, mainly due to26

an increase in ocean-induced melt. 26 ice shelves are likely non-viable by 2150,27

and 38 in 2300. Ice-sheet regions restrained by these 38 ice shelves represent a28
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sea-level rise potential of 10 m. Our estimates are latest bounds for reaching non-29

viability and ice-shelf collapse could occur even earlier, in particular due to the30

synergy with hydrofracturing.31

Keywords: Antarctica, Climate change, Ice shelves, Modeling32

The Antarctic ice sheet has been losing mass at an accelerating pace, becoming a33

significant contributor to global sea-level rise [4]. Ice shelves, the floating margins of34

the Antarctic ice sheet, are a crucial element controlling this mass loss. As they restrain35

the ice flow from the grounded ice sheet to the ocean through so-called buttressing36

[1, 2], they represent a safety band around Antarctica [3]. Their thinning and eventual37

collapse hence accelerates the ice discharge into the ocean [5, 6] and could, in addition,38

trigger two instability mechanisms that accelerate Antarctic mass loss: the Marine Ice39

Sheet Instability (MISI) [11, 12] and the Marine Ice Cliff Instability (MICI) [13, 14].40

Projections assuming both instabilities to take place in the 21st century result in a41

global sea-level rise of up to 1.75 m until 2100 [4], threatening coastal regions all over42

the world.43

Ice shelves subsist due to a fragile balance between mass gain and mass loss at44

their boundaries with the grounded ice sheet, the atmosphere, and the ocean. Over45

the past decades, when considering all of Antarctica, mass loss to the ocean through46

iceberg calving and ice-shelf basal melting has substantially compensated the large47

mass gain through the ice flow from the grounded ice sheet to the ice shelf and the48

minor mass gain through the atmosphere [15]. Lately, especially in the Amundsen Sea,49

many ice shelves have been out of balance, significantly losing mass [15, 16].50

As anthropogenic climate change further unfolds, more and more pressure will be51

exerted on the ice shelves, both at their surface due to a warmer atmosphere [17, 18],52

and at their base due to more intrusions of warm water [19, 20], leading to ice-shelf53

thinning and retreat. At the same time, the thinning of an ice shelf usually reduces54

buttressing, leading to a faster ice flow from the grounded ice sheet to the ice shelf [12],55
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which tends to make the ice shelf thicker. The competing evolution of such processes56

will drive the evolution of ice shelves and their potential disappearance in the next57

decades to centuries. Here, we examine if, when, and why ice shelves will no longer58

be viable, at the latest, due to changes in atmosphere and ocean conditions.59

Estimating non-viability60

The idea of a climatic limit of viability for ice shelves has been explored since the61

1960s, based on the observation that temperate ice shelves (close to their freezing62

temperature) do not exist and that the warmest parts of the Antarctic Peninsula, as63

well as most parts of Greenland, are free of ice shelves [7, 8]. A limit based on an64

air-temperature threshold was suggested and further refined when several ice shelves65

of the Antarctic Peninsula retreated in the late 1990s and early 2000s [9, 10]. The66

collapse of Larsen A-B in 1995 and Larsen B in 2002 highlighted the importance of67

hydrofracturing [21–23] for the viability of ice shelves. Hydrofracturing occurs when68

surface meltwater favors the propagation of crevasses and eventual disintegration of69

the ice shelf. However, hydrofracturing can only take place if the ice shelf is sufficiently70

weak [24]. Ice-shelf thinning due to changes in ocean or atmosphere conditions can71

provide the necessary mechanical preconditioning [25–27].72

The progressive fragmentation of Thwaites glacier’s western tongue from approx-73

imately 2009 [28] showed that an ice-shelf collapse can even occur in the absence of74

surface meltwater [29, 30]. It was driven by a combination of ocean-induced ice-shelf75

thinning [31, 32] and increased ice damage [33]. These elements prove that the limit76

of viability for ice shelves cannot be defined solely from air temperature or surface77

melt rates.78

We therefore revisit the concept of ice-shelf viability in a holistic approach, includ-79

ing all terms contributing to the Antarctic ice-shelf mass balance (Fig. 1): the flux80
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from the grounded ice sheet to the floating ice shelf (called grounding-line flux here-81

after), the iceberg calving flux at the ice-shelf front, the surface mass balance (the82

difference between surface accumulation and ablation), and the basal mass balance83

(the difference between basal melting and refreezing). We define the limit of viability84

as the moment where mass loss at the surface, at the base, and at the front exceeds85

the maximum possible incoming grounding-line flux. This is done for the individ-86

ual ice shelves and under different greenhouse gas emission scenarios. The maximum87

possible grounding-line flux corresponds to the flux in the absence of ice-shelf but-88

tressing, i.e. the flux that would occur immediately after an abrupt ice-shelf collapse89

with maximal damage. We use it so that we do not have to rely on the transient evo-90

lution of ice-sheet models in which ice-shelf calving and damage are either poorly or91

not represented [34]. Our limit of viability thus represents the ocean and atmosphere92

conditions for which it is virtually impossible that an ice shelf maintains its current93

shape in the long term, as it loses more mass than it gains, and does not represent94

the actual date at which an ice shelf disintegrates or reaches zero thickness. As evolv-95

ing calving and damage cannot explicitly be represented, our approach provides the96

latest-bound conditions in which an ice shelf will initiate long-term thinning due to97

the imbalance between mass gain and mass loss. Depending on the initial shape of98

the ice shelf and the magnitude of the imbalance. This thinning may mechanically99

weaken the ice shelf, making it more vulnerable to disintegration, or may lead to a100

retreat into a different equilibrium with a reduced extent.101

We derive mass loss and gain at the interface with ocean and atmosphere based on102

a range of climate simulations [35] covering 1850 to 2300 under two future-emission103

scenarios. In the low-emission scenario, global warming remains below 2°C until 2300.104

In the high-emission scenario, global warming reaches nearly 12°C by 2300. On the105

atmospheric side, we use regional climate model simulations [17, 36] of the surface106

mass balance driven by the global climate simulations. On the oceanic side, we derive107
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Fig. 1 Schematic of the terms contributing to the Antarctic ice-shelf mass balance. Due
to ice dynamics, mass is gained through the grounding-line flux (the ice flow from the grounded ice
sheet to the floating ice shelf) and lost through the calving of icebergs at the ice-shelf front. The
surface mass balance, which describes mass exchange with the atmosphere, is determined by the
difference between accumulation (mainly snowfall, but also rainfall and frost deposition) and ablation
(runoff and sublimation). The basal mass balance, which describes mass exchange with the ocean, is
determined by the difference between basal melting and refreezing.

the basal mass balance from the climate simulations using a range of parameterisa-108

tions based on either simple physics [37] or artificial neural networks [38]. On the ice109

dynamics side, we estimate the maximal grounding-line flux by simulating the instan-110

taneous response of the current ice sheet to a total loss of ice-shelf buttressing: using111

an ice-sheet model in a state constrained by observations, we remove all ice shelves112

at once. We repeat the experiment with three different bed plasticities to take into113

account uncertainty arising from ice-sheet model assumptions. As large uncertain-114

ties around future calving evolution remain [39, 40], we assume the lowest bound by115

setting calving to zero. Finally, to constrain our analysis to a plausible ensemble for116

every ice shelf, we weigh the multiple combinations of climate models, basal melt117
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parameterisations, and bed plasticities based on (1) their comparison to the observed118

ice-shelf mass balance [15] and (2) the plausibility of the models’ equilibrium climate119

sensitivity [36]. More details are provided in the Methods section.120

Our approach relies on the current ice-sheet geometry. However, repeating the anal-121

ysis for two different plausible future ice-sheet geometries shows that our conclusions122

remain on the conservative side, even though grounding-line retreat and increased pre-123

cipitation over the grounded ice sheet locally lead to an increase in the grounding-line124

flux and its upper estimate (more details in the Methods section).125

Reaching non-viability126

The time of reaching non-viability strongly depends on the scenario (Fig. 2). While127

only one of the 64 ice shelves becomes likely non-viable by 2300 in the low-emission128

scenario, 26 become likely non-viable before 2150 in the high-emission scenario, a129

number that raises to 38 out of 64 by 2300. There is very high confidence on the130

widespread non-viability in the high-emission scenario, with 30 very likely non-viable131

ice shelves by 2300.132

Looking at the projections for the low-emission scenario, the likelihood of non-133

viability remains nearly unchanged from present-day to the mid 23rd century. The134

number of ice shelves crossing the 10% and 33% likelihood of becoming non-viable135

increases more rapidly after 2250 (Fig. 2a), and one ice shelf becomes likely non-viable136

shortly before 2300. This hints at possible long-term changes in viability beyond 2300,137

despite a clear emission reduction and global air temperature stabilisation after 2100.138

In the high-emission scenario, a majority of ice shelves gradually moves towards139

non-viability between 2050 and 2300. The period between approximately 2085 and140

2170 marks the period with the highest rate of ice shelves reaching likely non-viability,141

with 44% of the ice shelves becoming likely non-viable and 30% even very likely, over142

85 years. Looking at the global surface air temperature evolution as a proxy for climate143
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Fig. 2 Distribution of ice-shelf non-viability likelihood over time and space. Evolution of
the number of non-viable ice shelves over time for (a) the low-emission scenario and (b) the high-
emission scenario over time. (c) Spatial distribution of the weighted likelihood of reaching non-viability
for the years 2000, 2100, 2200 and 2300 in the high-emission scenario. The color corresponding to
the likelihood is applied to the ice shelves and their associated drainage basins for more visibility.
Geographical indications of the main Antarctic regions, ice shelves (black contours) and associated
drainage basins (grey contours) are shown in the upper right corner. Drainage basins in white are
not considered because their are associated to no or a very small ice shelf.

change (Fig. 3), this corresponds to crossing a threshold of ∼4.5°C of global warming144

compared to the early historical period (1850-1900).145

This effect is widespread and not confined to a given region. Ice shelves become146

likely and very likely non-viable between 2100 and 2300 all around Antarctica147
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High-emission scenario

Mid-emission 
scenario
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(a) (b)

Fig. 3 Link between global warming and number of ice shelves reaching likely non-
viability. (a) Weighted average (line) and standard deviation (shading) of the global surface air
warming across climate models with regard to the 1850-1990 average for the three emission scenarios.
(b) Number of likely non-viable ice shelves as a function of the average global surface warming. The
dotted line highlights the warming in 2084, the date from which the rate of ice shelves becoming
non-viable increases rapidly.

(Fig. 2c). The main hot spots are West Antarctica, where a majority of ice shelves148

from the Bellingshausen Sea to the Ross Sea are likely or very likely non-viable by149

2200, as well as the ice shelves from the Eastern Weddell Sea to the eastern edge of150

Dronning Maud Land. A few other ice shelves in East Antarctica, such as West and151

Shackleton ice shelves, also display a very high likelihood of becoming non-viable.152

About 40% of the area covered by drainage basins feeding likely non-viable ice153

shelves in 2300 is resting on bedrock that has been pressed below sea level due to the154

weight of accumulating ice mass over thousands of years. Such low bedrock is one of155

the necessary conditions for the marine ice sheet and ice cliff instabilities, which both156

could trigger rapid mass loss episodes from the ice sheet to the ocean [11–14]. Likely157

non-viability of the associated ice shelves thus represents a theoretical potential for158

∼10 m of long-term sea-level rise, when aggregating the volume above flotation of these159

basins and assuming the total loss of buttressing due to a complete disappearance160
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of the associated ice shelves. This is an upper estimate as the occurrence of these161

instabilities also depends on other factors, notably the gradient of the bed slope [12]162

or the presence of high cliffs [41], or the potentially persisting buttressing effect due163

to the reduced remains of a non-viable ice shelf.164

Drivers of non-viability165

The link between the rate of ice shelves becoming non-viable and the rate of global166

warming could support the hypothesis that the viability of ice shelves is directly167

linked to an atmospheric temperature threshold [9, 10, 42]. However, global atmo-168

spheric warming is only one of multiple symptoms of climate change, other ones being169

for example ocean warming and changes in the ocean circulation. Using our holistic170

perspective, we investigate more thoroughly the mechanisms triggering non-viability.171

This is done for every member of our ensemble, by quantifying the relative contri-172

bution of each mass flux to the ice-shelf mass loss at the date when non-viability is173

reached.174

The ocean is by far the main driver for reaching non-viability (Fig. 4) and the175

surface mass balance has a much smaller influence. In both scenarios, basal melting176

explains more than half of the mass loss needed to reach non-viability for all ice shelves177

that reach non-viability. For the high-emission scenario, this is not surprising as a steep178

increase in basal melting starts around 2100 (Extended Data Fig. 3). Nevertheless,179

we could not pinpoint a given ocean temperature threshold for non-viability.180

The surface mass balance has a lower influence on non-viability. In the low-emission181

scenario, the surface mass balance does not lead to mass loss in any ice shelf at182

the moment of reaching non-viability and rather counteracts mass loss by 15% on183

average, confirming that an increase in accumulation prevails [17]. In the high-emission184

scenario, the surface mass balance leads to mass loss at the moment of reaching185
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Fig. 4 Relative importance of the different mass fluxes to reaching non-viability. Average
ratio between basal melt (blue) and surface mass balance (orange), respectively, and the maximal
grounding-line flux at the moment when non-viability is reached for (a) the low-emission scenario
and (b) the high-emission scenario. Circles are only shown if at least one ensemble member reaches
non-viability before 2300. The grey circle represents the reference grounding-line flux and the area
of the pie chart represents the upper-grounding line flux estimate (represented by a weighted mean
of the estimates across bed plasticities). The color corresponding to the likelihood of non-viability in
2300 is applied to the ice shelves and their associated drainage basins for more visibility.

non-viability for 60% of the ice shelves, but contributing on average only 2.5% to186

non-viability for these ice shelves, with a maximum at 50% for the remains of Larsen B.187

Zooming in on the main hot-spot regions of current high basal melt, most of them188

being prone to marine ice-sheet instability (Pine Island and Thwaites ice shelves in189

the Amundsen Sea and Totten and Moscow University ice shelves in East Antarc-190

tica), none of them is likely non-viable by 2300. The probability is higher for Pine191

Island and Thwaites ice shelves (about as likely as not), where the upper estimate for192

the grounding-line flux is only slightly higher than the present flux, while Totten and193

Moscow University need a large increase in mass loss to reach non-viability. On the194
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one hand, this is somehow consistent with the mechanism of marine ice-sheet insta-195

bility: the weakening of an ice shelf increases the grounding-line flux, which decreases196

the mass of the grounded ice sheet but brings more mass to the ice shelf. This means,197

maybe counter-intuitively, that a marine ice-sheet instability would support the viabil-198

ity of an ice shelf, at least for some time, as long as there remains substantial amounts199

of grounded ice upstream. On the other hand, we emphasise that our approach results200

in a latest bound for non-viability and does not rule out an actual collapse occurring201

earlier, for example through long-term thinning or through hydrofracturing or damage202

and rifting, as suggested e.g. for some parts of Thwaites ice shelf [43, 44].203

Implications204

Our results show that current choices to change emission pathways could significantly205

impact the likelihood of long-term loss of most Antarctic ice shelves. The viability of206

ice shelves strongly depends on the emission scenario, as only one ice shelf becomes207

likely or very likely non-viable by 2300 in the low-emission scenario versus 59% in208

the high-emission scenario. This difference between scenarios is particularly visible209

after 2085, due to basal melting substantially increasing across all ice shelves around210

this date in the high-emission scenario (Extended Data Fig. 3-4). Nevertheless, this211

does not mean that the emission pathway leading to 2085 is not relevant to ice-shelf212

viability, as increased basal melting is likely a lagged response to global atmospheric213

warming and therefore a consequence of emissions happening already earlier in the214

century (Fig. 3.215

Our viability limit suggests that, in terms of balance between mass gain and mass216

loss, 40% of the ice shelves at least as likely as not remain stable under extreme217

conditions. This might appear a surprisingly large fraction and suggest that ice shelves218

are quite robust considering only the mass balance. However, this estimate is on219

the most conservative side and actual thinning, retreat, or collapse could occur even220
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sooner, depending on the vulnerability of a given ice shelf to other processes such as221

damage, rifting, hydrofracturing or calving. Our definition of non-viability represents222

the latest limit for viability as it is bound by an extreme mass gain from the ice sheet223

and minimal mass loss from calving. However, mass gain through the grounding-line224

flux will not necessarily reach its upper limit, which inherently integrates the effect of225

damage, rifting and hydrofracturing. Also, mass loss through calving is projected to226

increase in the future for mid- and high-emission scenarios [39, 40]. Further, feedbacks227

between basal melting and ice geometry [45] or between calving and basal melting [46]228

could affect the stability of the ice shelf and potentially slightly alter the conditions229

to reach non-viability.230

We emphasise that our non-viability estimate does not correspond to the most231

likely timing of collapse and rather to an upper bound of the time when ice-shelf232

shrinking becomes inevitable. The rate of long-term shrinking, the magnitude of but-233

tressing loss, and the timing of eventual disappearance after reaching non-viability234

largely differs between ice shelves as it depends on the ice-shelf shape and on the imbal-235

ance between mass gain and mass loss. Nevertheless, in most cases, ocean-induced melt236

continues to increase after reaching the viability limit in the high-emission scenario237

(Extended Data Fig. 2), suggesting that the rate of thinning could further accelerate238

beyond this limit and thus accelerate ice-shelf shrinking in all cases. In addition, the239

occurrence of other processes, such as increasing damage, hydrofracturing or stronger240

calving rate, could lead to an actual collapse before a complete thinning-induced dis-241

appearance. Modelling tools are not ready yet for accurately simulating the prognostic242

interplay between these processes over multiple centuries, but we are confident that243

an upper bound can be estimated using our approach.244

Our non-viability estimate can nonetheless be used as a proxy for the prior ice-shelf245

mechanical weakening required for hydrofracturing [25–27]. This can be compared246

to the estimates of surface hydrological conditions also required for hydrofracturing:247
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Fig. 5 Distribution of the hydrofracturing risk over time and space, based on the pres-
ence of liquid water beyond firn saturation. Evolution of the risk of hydrofracturing using the
method introduced by Jourdain et al. [36] for (a) the low-emission scenario and (b) the high-emission
scenario over time. Spatial distribution of the weighted likelihood of the risk of hydrofracturing for
the years 2000, 2100, 2200 and 2300 in the (c) low- and (d) high-emission scenario. The color corre-
sponding to the likelihood is applied to the ice shelves and their associated drainage basins for more
visibility. Geographical indications of the main Antarctic regions, ice shelves (black contours) and
associated drainage basins (grey contours) are shown in the upper right corner. Drainage basins in
white are not considered because their are associated to no or very small ice shelves. The probabili-
ties are calculated for the seven CMIP6 models and their respective weights, and the thresholds are
sampled in a normal distribution that is at 90% between 50 and 250 kg m−2 yr−1 [36].

the production of liquid water beyond firn saturation, as estimated in Jourdain et248

al. [36]. Following their method, the surface hydrological conditions become prone to249

hydrofracturing before non-viability is reached for all ice shelves (Fig. 5), indicating250
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that ice shelves that weaken beyond non viability will likely quickly be exposed to251

hydrofracturing, and hence to an actual collapse.252

On another aspect, our study further underlines the importance of the ocean for253

the present and future evolution of the Antarctic ice sheet. However, global climate254

models currently struggle to simulate accurate Southern Ocean properties [47, 48].255

Reducing biases in the simulation of the Southern Ocean in global climate models, e.g.256

by improving the representation of processes on the continental shelf or by including257

ice-ocean interactions more systematically [49], is therefore crucial. This should be258

a priority of the climate research community to better apprehend future sea-level259

evolution and the effect of meltwater on the oceanic circulation.260

Finally, our results show that the risk of non-viability is a circum-Antarctic prob-261

lem, suggesting it to be a consequence of global temperature and circulation changes,262

rather than local changes. The likelihood of reaching non-viability is not tightly linked263

to one region as most ice shelves in the Bellingshausen, Amundsen and Ross seas, as264

well as in Dronning Maud Land, but also a few large ice shelves in East Antarctica are265

at risk of becoming non-viable. The impact of the potential long-term ice-shelf loss266

is strong in particular in the Bellingshausen, Amundsen and Ross seas. There, most267

of the associated drainage basins rest on bedrock below sea level and have a sea-level268

rise potential of several meters on the long term [50].269

Methods270

Topography and boundaries of individual ice shelves271

The boundaries used to define the 64 largest ice shelves of Antarctica are the ones272

used in the Ice sheet Mass Balance Intercomparison Exercise (IMBIE) [51]. The ice273

topography is taken from BedMachine-Antarctica, version 2 [52]. All datasets are274

regridded to a 4-km stereographic grid to limit computational cost. This resolution is a275

reasonable compromise to represent the different components while keeping a balance276
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between too high or too low confidence in the chosen resolution of the processes. For277

example, the grounding-line flux is inferred from the ice-sheet Elmer/Ice model at the278

kilometer-scale, the basal melt parameterisations were calibrated on ocean simulations279

at 5-8 km resolution, and the surface mass balance was downscaled from 35 km output.280

To minimise grounding-line imprecisions, we work with an “ice-shelf concentration”,281

which describes the fraction of a cell covered by ice-shelf parts. This allows us to282

better account for points near the grounding line than if we would only consider cells283

completely covered by ice shelves.284

Forcing285

The ocean and atmosphere forcing are based on the outputs from seven models from286

the sixth phase of the Coupled Model Intercomparison Project (CMIP6 [35]) cover-287

ing 1850 to 2300, under the Shared Socio-economic Pathways SSP1-2.6 (low-emission288

scenario) and SSP5-8.5 (high-emission scenario) that diverge from the historical289

period in 2015: ACCESS-CM2, ACCESS-ESM1-5, CESM2-WACCM, CanESM5,290

IPSL-CM6A-LR, MRI-ESM2-0, UKESM1-0-LL. For completeness, we also investi-291

gated six additional models (CESM2, CNRM-CM6-1, CNRM-ESM2-1, GFDL-CM4,292

GFDL-ESM4, MPI-ESM1-2-HR) and the mid-emission scenario SSP2-4.5, which were293

only run until 2100 (Extended Data Fig. 5). Conclusions until 2100 remain robust294

using the larger model ensemble.295

Ice-shelf mass balance296

Our results are based on the analysis of the different contributors to the ice-shelf mass297

balance: the basal mass balance, the surface mass balance, the calving flux and the298

grounding-line flux (Extended Data Fig. 1 to 4). If the ice-shelf mass balance becomes299

negative and remains negative until 2300, non-viability is reached.300
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Basal mass balance301

Ocean-induced sub-shelf melt and refreezing are computed by applying basal melt302

parameterisations to geometrical properties of the sub-shelf cavities and to ocean tem-303

perature and salinity profiles inferred from yearly climate model output in front of the304

different ice shelves. To prepare these profiles, we first interpolate the coarse climate305

model output to a 8 km stereographic grid and extrapolate properties horizontally306

from contiguous ocean points to the points not covered by the CMIP6 model grid307

[53]. We then horizontally average the continental shelf (bathymetry shallower than308

1500 m) ocean properties within 50 km of the ice-shelf front to obtain a single poten-309

tial temperature profile and a single practical salinity profile in front of each ice shelf,310

like in Burgard et al. [37].311

Directly taking the ocean properties from the CMIP6 models leads to very large312

biases in estimated melt rates, sometimes of the order of several hundreds of Gt yr−1,313

which would strongly affect projected melt rates. Instead, we correct the CMIP6314

temperature and salinity profiles of individual ice shelves by subtracting the simulated315

1997–2014 average and adding a present-day estimate constrained by observations:316

either the climatology proposed for the Ice-Sheet Model Intercomparison Project for317

CMIP6 (ISMIP6) [54], or the output from a present-day ocean model hindcast forced318

by an atmospheric reanalysis [20]. We use these two different present-day estimates319

because some regions, such as Dronning Maud Land or the southwestern Weddell Sea,320

are not well covered by observations and the interpolated values given in the ISMIP6321

climatology are thus not necessarily reliable. For every ice shelf, we compute the322

difference between the observational sub-shelf melt estimates [15] and the melt inferred323

based on CMIP6 ocean properties corrected with the observational climatology on the324

one hand, and corrected with the model hindcast on the other hand. We select the325

correction where the median of this difference is lowest. The resulting choices are:326
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• ISMIP6 climatology: Filchner-Ronne, Rayner/Thyer, Amery, Publications, West,327

Shackleton, Tracy Tremenchus, Conger/Glenzer, Vincennes Bay, Totten, Moscow328

University, Dibble, Mertz, Ninnis, Cook, Rennick, Lillie, Mariner, Aviator, Drygal-329

ski, Ross, Withrow, Swinburne, Sulzberger, Getz, Crosson, Dotson, Thwaites, Pine330

Island, Cosgrove, Larsen E331

• Ocean-model present-day hindcast: Stancomb Brunt, Riiser-Larsen, Quar, Ekström,332

Atka, Jelbart, Fimbul, Vigrid, Nivl, Lazarev, Borchgrevink, Roi Baudouin, Prince333

Harald, Shirase, Edward VIII, Wilma/Robert/Downer, Holmes, Nansen, Nickerson,334

Land, Abbot, Venable, Ferrigno, Stange, Bach, Wilkins, George VI, Wordie, Larsen335

B, Larsen C, Larsen D, Larsen F, Larsen G336

We use these corrected ocean profiles as input for six different basal melt337

parameterisations: (1) the linear-local parameterisation [55], (2) the quadratic-local338

parameterisation using a constant Antarctic slope [13, 37, 56], (3) the quadratic-339

local parameterisation using a local slope [37, 57, 58], (4) the plume parameterisation340

[59, 60], (5) the box parameterisation [61], and (6) the neural-network parameteri-341

sation introduced in Burgard et al. [38]. The physics-based parameterisations (1) to342

(5) are implemented as described in Burgard et al. [37], except a modified method to343

infer the depth of the plume origin.344

The linear parameterisation is formulated as follows [37]:

m = γT S × coc

Li

ρoc

ρi
(Toc − Tf, oc) (1)

where coc is the specific heat capacity of the seawater (3974 J kg−1), ρoc and ρi are,

respectively, the density of the seawater (1028 kg m−3) and the ice (917 kg m−3), Toc

and Soc are the temperature and salinity averaged over a boundary layer below the

ice shelf, Tf is the freezing point, Li is the latent heat of fusion (3.34 × 105 J kg−1).
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with the freezing temperature:

Tf, oc = λ1Soc + λ2 + λ3zdraft (2)

λ1, λ2 and λ3 are the coefficients for the freezing point equation (λ1 = -5.75 × 10−2
345

◦C PSU−1, λ2 = 8.32 × 10−2 ◦C, λ3 = 7.59 × 10−4 ◦C m−1), zdraft is the depth of346

the ice-shelf draft (negative below sea level). γT S is the turbulent exchange velocity,347

assuming a constant current speed UAnt around Antarctica, and is the calibration348

parameter.349

The quadratic parameterisation is formulated as follows [37]:

m = Ksinθ × ρoc

ρi

(
coc

Li

)2
βSSoc

g

2 | f |
| Toc − Tf, oc | (Toc − Tf, oc) (3)

where g is gravity (9.81 m s−2), f is the Coriolis parameter (-1.4 × 10−4 s−1), and350

βS is the salt contraction coefficient (7.86 × 10−4 PSU−1). K is the parameter to351

calibrate.352

Due to very large biases, we decided to calibrate Filchner-Ronne and Ross ice353

shelves separately from the other ice shelves for the linear and quadratic parameter-354

isations. For the Antarctic slope formulation, we assume a uniform slope sinθAnt =355

6.9×10−3. In the local slope formulation, we estimate the local slope θloc between the356

neighbouring grid cells in x- and y- directions at each ice-shelf point.357

The formulations of the box and plume model are more complex and we refer358

to their description in Burgard et al. [37], based on the original formulations from359

Reese at al. [61] and Lazeroms et al. [59, 60] respectively. For the box model, we use360

the number-of-box criterion used for PICO. For the plume parameterisation, we use361

a new method to infer the grounding-line depth representing the plume origin, like in362
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Lambert and Burgard (2025) [62]. Instead of exploring all directions for each point, we363

propagate the plume path from each grounding-line point to the rest of the ice shelf.364

All of these parameterisations depend on one or two calibration parameters. Due365

to the low number of matching observational estimates of ocean properties and sub-366

shelf melt, we use cavity-resolving ocean simulations produced with the NEMO ocean367

model (Nucleus for European Modelling of the Ocean [63]) at 0.25° of resolution for the368

calibration (i.e. a resolution of 8 km in both directions at 70° S), as in previous studies369

[37, 38]. To reduce the calibration uncertainty, we calibrate the parameterisations370

using simulations covering both present-like and warmer ocean conditions. In addition371

to the ensemble of four present-day global simulations used for calibration in Burgard372

et al. [37, 38], we use a global 70-year ocean simulation in conditions plausible by373

the late 23rd century in the SSP5-8.5 scenario [20], and three additional new circum-374

Antarctic simulations: a hindcast over 1982–2014 (driven by the reanalysis JRA55-do375

[64], 5-day outputs from eORCA025.L121 [20], monthly runoff from MAR [17], and376

fixed annual calving rates from Rignot et al. [65]) and two projections over 2014–2100377

under the SSP5-8.5 scenario (adding a 30-year rolling anomaly for each month for the378

atmosphere, ocean, surface runoff inferred from CNRM-CM6-1 and MAR projections379

[17] to the present-day forcing fields from 1982 to 2013 until 2100). The two latter380

projections differ by the choice of including the runoff from the ice-sheet surface in381

one and not in the other.382

For evaluation of these additional simulations, we provide a comparison of the383

circum-Antarctic configuration with the global NEMO simulation (Extended Data384

Fig. 9). We refer to Mathiot and Jourdain [20] for the exhaustive evaluation of the385

global NEMO simulation, considered as the reference for this evaluation (especially for386

the temperature in front of the ice shelves). Both NEMO configurations produce melt387

estimates close to observations although they tend to underestimate the total basal388

melt. The regional configuration, like its parent configuration, correctly represents389
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the temperature in the cold cavities (Ross and Filchner-Ronne), resulting in correct390

melt rates. Similarly, they both correctly represent the advection of Circumpolar Deep391

Water into the Amundsen Sea. Finally, the regional configuration simulates slightly392

lower iceberg melt (-125 Gt yr−1) and less variability. This can be explained by the393

fact that some of the icebergs leave the domain of the regional configuration at its394

northern boundary without melting.395

For the physics-based parameterisations (1) to (5), we calibrate the parameter(s)396

to obtain the minimal root-mean-squared-error of the integrated ice-shelf melt across397

time and ice shelves (same method as Burgard et al. [37]). The resulting parameters398

are the following (LARGE being used for Filchner-Ronne and Ross ice shelves, SMALL399

being used for the others):400

• For the linear parameterisation: γTS,SMALL = 10.6×10−6 m s−1 and γTS, LARGE =401

2.8×10−6 m s−1
402

• For the quadratic parameterisation assuming a constant Antarctic slope: KSMALL403

= 4.7×10−5 and KLARGE = 1.1×10−5
404

• For the quadratic parameterisation using the local slope: KSMALL = 7.1×10−5 and405

KLARGE = 3.2×10−5
406

• For the box parameterisation: γ⋆
T = 0.88×10−5 m s−1 and C = 2.9×106 m6 s−1 kg−1

407

• For the plume parameterisation: C
1/2
d ΓT S = 9.3×10−4 and E0 = 3.0×10−2

408

For the neural network, we calibrate the parameters to obtain the minimal root-mean-409

squared-error of the melt on the grid-cell level over time and space (same method as410

Burgard et al. [38]).411

Surface mass balance412

To estimate the atmospheric term contributing to the ice-shelf mass balance, we com-413

pute the Surface Mass Balance (SMB) as the difference between accumulation and414

ablation of mass at the surface. We do not directly use the SMB from the climate415
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models because their overly low resolution is not sufficient to represent the topography416

of Antarctic ice shelves and because they usually do not represent the polar physical417

processes needed to simulate the SMB evolution. Instead, we rely on regional projec-418

tions performed with the hydrostatic atmospheric model MAR (Modèle Atmosphérique419

Régional [66]) forced by several climate models and emission scenarios. We refer to420

Kittel et al. [17] for exhaustive details on the model configuration used. The MAR421

simulations are forced by the climate models IPSL-CM6A-LR (1980–2014 historical422

and 2015–2300 for the SSP5-8.5 scenario) and UKESM1-0-LL (1980–2014 historical423

and 2015–2100 for both SSP1-2.6 and SSP5-8.5 scenarios). More MAR simulations424

are available for three of the six additional CMIP6 models used until 2100 (Extended425

Data Fig. 5), from 1980 to 2100: CESM2 and MPI-ESM1-2-HR for the historical,426

SSP1-2.6, SSP2-4.5 andd SSP5-8.5 scenarios, and CNRM-CM6-1 for the historical and427

SSP5-8.5 scenario. For the other CMIP6 models, scenarios, or periods not covered by428

the MAR simulations, we use the SMB emulation trained with the aforementioned429

MAR simulations, as described and evaluated in Jourdain et al. [36]. These emula-430

tions are based on the changes in yearly surface air temperatures, as simulated in the431

corresponding CMIP6 simulations, and on physical and statistical relationships.432

Rainfall, sublimation and deposition are taken into account in the SMB simu-433

lated by MAR as it accounts for the difference between accumulation (snowfall, liquid434

precipitation, and deposition) and ablation (runoff and sublimation). The emulation435

method, however, is applied to CMIP simulations not downscaled with MAR and436

assumes that rainfall plays a negligible role in generating runoff compared to surface437

melt [30, 36]. This assumption is supported by the extended MAR simulation under438

the highest emission scenario, which shows that rainfall remains a minor component439

of liquid production across all ice shelves until 2100, contributes less than 10% by440

2200, and becomes significant only locally by 2300—after most ice shelves have sur-441

passed their viability thresholds. As such, omitting rainfall leads to a conservative442

21



estimate of ice shelf non-viability, consistent with our treatment of other fluxes. Sim-443

ilarly, sublimation and deposition are neglected in the emulation method, as they are444

not expected to substantially affect future mass balance [17].445

Although the MAR resolution of 35 km represents a significant improvement com-446

pared to the resolution of climate models, this resolution is still not sufficient to447

represent the smallest ice shelves. Following previous statistical downscaling over448

Greenland [67] or Antarctica [68], we downscale the 35-km outputs to the common449

4-km grid. The method consists of a bi-linear interpolation to 4-km, followed by a cor-450

rection based on the local gradient of the interpolated variable with altitude, defined451

from the 4 closest neighbours.452

Calving flux453

There is no parameterisation estimating the evolution of the calving flux without the454

use of an ice-sheet model and our confidence in existing methods used to parameterise455

iceberg calving is limited. As a consequence, to include a lower boundary for calving,456

we set the calving flux to zero in the main study.457

Instead of assuming the calving flux to be zero, it can also be assumed that ice-458

berg calving will remain constant or increase in the future, as suggested by previous459

studies for most scenarios [39, 40]. We investigated the influence of this assumption460

by reconducting the analysis using calving values from observational estimates [15]461

instead of fixing it to zero. Extended Data Fig. 6 and 7 were computed using this462

assumption. This leads to a slightly higher number of non-viable ice shelves by 2300,463

on the order of 10% for the high-emission scenario, and highlights the role of calving464

for the mass balance of a range of small ice shelves. It does, however, not substantially465

alter the main conclusions of our study.466

Instead of one ice shelf, two ice shelves become likely non-viable in the low-emission467

scenario by 2300 (Extended Data Fig. 6). Instead of 26, 32 of them become likely non-468

viable before 2150 in the high-emission scenario, a number that raises to 44 out of 64469
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by 2300 (instead of 38) and 33 very likely non-viable ice shelves by 2300 (instead of470

30). In the period between approximately 2085 and 2185 50% of the ice shelves reach471

at least likely non-viability (instead of 44%), and 41% very likely (instead of 30%).472

The long-term sea-level rise potential is of ∼11 m instead of ∼10 m, when aggregating473

the volume above flotation of all basins associated with ice shelves that are likely474

non-viable by 2300.475

Including a non-zero calving in the analysis of the drivers of non-viability high-476

lights the relative role of present calving compared to the mass exchange with the477

atmosphere and the ocean (Extended Data Fig. 7). The ocean is by far the main driver478

for reaching non-viability, followed to a lower extent by calving, and a much smaller479

influence of the surface mass balance. The six ice shelves where the ocean is not the480

main driver are the remains of Larsen B, Conger/Glenzer, Wordie, Ferrigno, and Nin-481

nis ice shelves, where calving prevails. These are ice shelves where calving already is482

the main contributor to the present-day mass balance [15].483

Present calving represents on average 32% and 25% of the mass loss needed to484

reach non-viability for the low- and high-emission scenarios respectively. As the calving485

estimate is on the conservative side, a future increase in calving would lead to an486

earlier date of effective non-viability. Nevertheless, the low relative contribution of487

calving to non-viability suggests that this would influence this date only by a few488

years on average.489

Grounding-line flux490

The mass flux feeding the ice shelf from the grounded ice sheet (hereafter grounding-491

line flux) is mainly modulated by the buttressing arising from the contact of the ice492

shelves with ice rises, rumples, and lateral margins. To estimate an upper limit for the493

grounding-line flux, we therefore estimate the grounding-line flux occurring when no494

ice shelf is present downstream of the grounding line, the limit between grounded ice495
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sheet and floating ice shelf. To do so, we conduct simulations similar to the Antarctic496

BUttressing Model Intercomparison Project (ABUMIP) [69].497

We conduct this experiment with the Finite Element ice-sheet and ice flow model498

Elmer/Ice [70], using the 2D Shallow-Shelf approximation to simulate the ice flow499

[e.g. 71–73]. We consider the present geometry from BedMachine-v2 [52] and invert500

for basal friction and ice viscosity parameters that allow for the ice flow model to best501

match observations of surface velocities [71–73]. This method enables, by construction,502

the simulated geometry and ice velocity to be as close as possible to present-day503

observations.504

From there, we recompute diagnostic ice flow responses with and without ice505

shelves as well as the corresponding grounding-line flux. We use the following506

Weertman friction law:507

τ b = Cm|u|1/m−1u (4)

with Cm the friction parameter and m ∈ [1 − ∞] where increasing values of m508

are characteristic of a more plastic bed. We first conducted the inversion with m = 1509

but it has been proven that larger values might be more realistic in some regions like510

the Amundsen (m = 5 in Gillet-Chaulet et al. [74]). We therefore conduct diagnostic511

experiments with and without ice shelves accounting for m = [1, 3, 5] (and adjusting512

for Cm) to assess the sensitivity to the friction law [75]. The impact of the value of m513

is relatively different basin to basin but our results align well with the sensitivity test514

of Gudmundsson et al. [75] where they show a grounding line flux about 50-100%515

higher with m = 3 than with m = 1. The different bed plasticities are applied on the516

whole Antarctic ice sheet, giving us three possible grounding-line fluxes for each ice517

shelf. The weighting process then determines which parameterisation-model-plasticity518

combinations influence our viability limit most (Extended Data Fig. 12).519
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Using the BedMachine geometry including the ice shelves results in a reference520

total grounding-line flux for Antarctica ranging from 1843 to 2124 Gt yr−1, depend-521

ing on the value of m. This value is very close to observations (2048±149 Gt yr−1
522

[65]). This reference flux is multiplied by ∼3.5 to ∼7 when removing the ice shelves.523

While the removal of some ice shelves leads to a large increase in grounding-line flux524

(e.g. Ross, Filchner-Ronne, Amery, Moscow University, Totten), other glaciers ini-525

tially exhibiting high fluxes do not largely increase them after losing their ice shelves526

(e.g. Thwaites, Pine Island). This behavior is usually in agreement with the mapping527

of buttressing potential [3].528

Defining non-viability529

Non-viability is reached when the ice-shelf mass balance becomes negative at one date530

and all following ones. In other words, the non-viability limit defined here represents531

ocean and atmosphere conditions for which it is virtually impossible that an ice shelf532

maintains its current shape on the long term despite the grounding-line flux being533

maximal and the calving flux being minimal. The non-viability of an ice shelf in534

these conditions can therefore be considered as a conservative estimate with regard535

to ice dynamics. Importantly, we do not attempt to estimate the date at which an ice536

shelf disintegrates or reaches zero thickness: on the one hand, a slight imbalance can537

make the ice shelf thin very slowly, and on the other hand, the actual ice flow from538

the grounded ice sheet would be smaller than in our estimate, making the mass loss539

faster. Furthermore, as previously mentioned, hydrofracturing, damage and rifting540

may induce quick collapse of an ice shelf once it has lost enough mass.541

We assess the viability of ice shelves with their current extent. If mass loss at the542

surface and at the base is large enough, an ice shelf will tend to get thinner. This543

may unpin the ice shelf, increase damage, and overall reduce buttressing, which can in544

turn increase the ice flow across the grounding line and potentially keep the ice shelf545
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viable through compensation. As these dynamical effects remain difficult to represent546

in ice-sheet models, we place ourselves in the extreme case of a maximal ice-shelf mass547

gain through increased mass flux from the grounded ice sheet, and minimal mass loss548

through calving.549

Our limit of viability represents the ocean and atmosphere conditions for which it550

is virtually impossible that an ice shelf maintains its current shape on the long term.551

To confirm that our results remain valid for plausible grounding-line retreat beyond552

the current ice-sheet geometry, we repeated the analysis on two plausible future ice-553

sheet geometries, namely for 2100 and 2150, which lie in the period where most ice554

shelves become likely non-viable (see ”Reaching non-viablity”) and have therefore the555

highest potential to influence our conclusions.556

The future ice-sheet geometries were simulated using the ice-sheet model Elmer/Ice557

forced by SSP5-8.5 output from IPSL-CM6A-LR, which is a model with comparably558

higher climate sensitivity [76] and is thus linked to high SMB [17]. Based on the 2000559

geometry (reconstructed from BedMachine and ice thickness rates of change under560

the hydrostatic hypothesis), and similarly to what has been done for the BedMachine561

reference flux, the model is initialized by estimating basal sliding and ice viscosity562

through an inverse modeling approach. This process optimizes these two parameters563

by minimizing the disparities between modeled and observed surface ice velocities.564

For this step, we use velocity data from the Making Earth System data records for565

Use in Research Environments project [MEaSUREs, 77]. This dataset includes a long-566

term velocity field averaged over the 20 years of satellite data that is usually used as a567

reference by ice sheet modellers. Annual data, although incomplete, are also available568

and are used here to infer the 2000 conditions. Because of remaining uncertainties in ice569

sheet parameters, the inversion often leads to unphysical ice thickness rates of change570

in some regions. We therefore run a short relaxation (20 years), where the model is571

allowed to evolve under a constant climate forcing. A simulation is then conducted572
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from this 2000-like initial state to 2200. During this forward experiments, we use a573

non-linear Weertman (m = 3) sliding law and the basal melt forcing is obtained via574

the PICO model [61]. We apply the melt on the floating ice but not directly at the575

grounding line (i.e., melt applied to the first floating node). The reference SMB is576

given by a RACMOv2.3p2 climatology [78] and an additional anomaly is added based577

on the SSP5-8.5 IPSL-CM6A-LR climate.578

From these simulations, we extract the geometries for the years 2100 and 2150.579

These new plausible geometries integrate, among others, the effect on the grounding-580

line flux of (1) a possible increase in snow precipitation on the grounded ice sheet,581

(2) retreating grounding lines, and (3) ice-shelf thinning. In the same manner as for582

the original analysis, we remove all ice shelves to infer an upper grounding-line flux583

estimate for both these geometries and recalculate the surface mass balance and basal584

mass balance on both these geometries.585

The results of this new analysis are shown in Extended Data Fig. 8. Overall, the586

conclusions are not significantly altered. In both geometries, the number of likely non-587

viable ice shelves by 2150 (26 in the 2100 geometry and 31 in the 2150 geometry) and588

by 2300 (43 in the 2100 geometry and 46 in the 2150 geometry) is equal or higher than589

the numbers inferred for the present geometry in the original analysis. This suggests590

that our initial estimates are indeed on the conservative side and remain valid even591

for plausible future geometries.592

Regionally, a few differences in the timing of reaching non-viability can be seen593

compared to the original analysis (compare Extended Data Fig. 8c and d with Fig. 2c594

in the main text). However, for most of these differences, the likelihood of reach-595

ing non-viability increases earlier in time and is sometimes higher by 2300 in the596

future ice-sheet geometries than in the original analyses (such as for e.g. Pine Island,597

Thwaites, Dotson, Crosson, but also Moscow University and many others), confirm-598

ing that our original estimates remain on the conservative side. While for the 2100599
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ice-sheet geometry the likelihood of non-viability of Amery, Filchner-Ronne and Ross600

ice shelves is smaller in 2200 and 2300 (only Amery) than in the original analysis,601

it is comparable or even higher in the 2150 geometry for the same years. The only602

exception for which the likelihood of non-viability is smaller in 2200 and 2300 than in603

the original analysis is Cook ice shelf in the 2150 ice-sheet geometry. Overall, these604

results could indicate that longer grounding lines (induced by grounding-line retreat)605

and associated grounding-line flux are compensated by increased mass loss at the base606

and the surface of the ice shelves due to their increased area. This demonstrates that607

our analysis on the current geometry, combined with our estimate for an upper-bound608

grounding-line flux, results in robust latest-bounds for non-viability estimates that609

remain conservative over time.610

Constraining the uncertainty611

The use of multiple combinations of CMIP6 models, basal melt parameterisations,612

and bed plasticities gives a large ensemble of possible ice-shelf mass balance evolu-613

tions for individual ice shelves. To constrain our analysis to a plausible ensemble for614

every ice shelf, we weight the different combinations based on the comparison of their615

historical period to the observational ice-shelf mass balance [15]. To also account for616

the likelihood of future warming in individual CMIP6 models, these weights are then617

multiplied by another weight accounting for the plausibility of the model equilibrium618

climate sensitivity [36, 79]. For information, the distribution of the weights per ice619

shelf and uncertainty dimension are shown in Extended Data Fig. 10, 11 and 12.620

The weight describing the proximity of the historical simulation to observational

estimates is inferred using Bayesian calibration similarly to Coulon et al. [40]. For a

given ensemble member i (across the model-parameterisation-bed plasticity ensemble),
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the score si is computed as follows, for each ice-shelf separately:

si = exp

(
−0.5(MBmod, i − MBobs)2

σ2
mod, i + σ2

obs

)
(5)

where MBmod and MBobs are the simulated and observational ice-shelf mass bal-621

ance estimates respectively and σobs and σmod are the observational and structural622

errors. The observational ice-shelf mass balance is calculated from the 1997–2014623

mean estimates of Davison et al. [15] for basal mass balance, surface mass balance624

and grounding-line flux. We use the 1997–2014 mean rather than interannual values625

because it is considered as a more robust observational estimate. For calving, we use626

their steady state calving flux rather than their 1997-2014 mean calving flux because627

this is more consistent with a fixed calving front given that we assess the viabil-628

ity of ice shelves in their current shape, while the actual 1997–2014 calving flux is629

largely associated with changes in ice-shelf area. The observational uncertainty σobs630

is the time-average of the square root of the sum of the squared uncertainties pro-631

vided by Davison et al. [15] for individual mass fluxes. The structural error σmod632

is estimated by taking the standard deviation over time and averaging it across the633

model-parameterisation-bed plasticity space. From the score, we can then infer a nor-634

malised weight, by dividing each si by the sum of si across the ensemble. Finally, we635

set the weight to zero if the calving estimate surpasses the maximum estimate of the636

grounding-line flux as this would mean that the ice shelf is not viable even without637

basal melt, which is not realistic.638

The weight describing the plausibility of the equilibrium climate sensitivity of639

each climate model is taken from Jourdain et al. [36]. These weights represent the640

probability, for a given climate model, of a skew-normal distribution fitted to obtain641

the 5th, 50th and 95th percentiles at an equilibrium climate sensitivity of 2.0, 3.0 and642

5.0°C, as expected from multiple lines of evidence [79].643
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All metrics presented in this study take the resulting weights into account. In par-644

ticular, we take these weights into account when estimating the likelihood of reaching645

non-viability, using the definitions commonly used in the IPCC reports [80]: very646

unlikely, unlikely, as likely as not, likely, and very likely (respectively 0-10%, 10-33%,647

33-66%, 66-90%, 90-100% weighted probability across the large ensemble of reaching648

non-viability).649
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