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ABSTRACT. Understanding the possibility of future ice shelf collapses similar
to the Larsen B is critical for improving sea-level-rise projections due to the
restraint on upstream flow that ice shelves provide. Prior research has provided
a criterion for assessing the vulnerability of ice shelf to hydrofracture. We apply
these calculations to the model ensemble results from the Ice Sheet Modeling
Intercomparison Project for CMIP6 (ISMIP6). With these ensemble results,
we evaluate the predicted shelf vulnerability through time with forcings from
several climate scenarios, climate models, basal melt parametrizations, and a
range of fracture toughness values. Additionally, for the ISMIP6 experiments
that included a collapse forcing (based on surface melt availability alone), we
evaluate whether the ice subjected to the collapse forcing was vulnerable.
We find that shelf vulnerability generally decreases through 2100 as ice
thickness decreases, indicating a potential negative feedback. Differences in
initial vulnerability between models as well as sensitivity to fracture toughness,
however, tend to outweigh the change from stress evolution. For the shelves
where collapse was imposed in the corresponding ISMIP6 experiment (Larsen
C, George VI, Wilkins), between 20% and 70% of collapsed shelf area was

vulnerable depending on fracture toughness.
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INTRODUCTION

While the loss of ice shelves does not directly contribute to sea-level rise, ice shelves hold back upstream ice
via buttressing (Fiirst and others, 2016; Sun and others, 2020). Major speedups of upstream ice following the
2002 collapse of the Larsen B were observed (Rignot and others, 2004; Rott and others, 2011), increasing the
sea-level contribution from upstream glaciers. Surface meltwater pond formation prior to multiple Antarctic
Peninsula shelf collapses led to the proposal of hydrofracture as the collapse mechanism (Scambos and
others, 2000). Hydrofracture occurs when surface meltwater enters pre-existing crevasses and propagates
them through the shelf (van der Veen, 1998; Scambos and others, 2000). This theory has led to research
in understanding the past and future of surface melt, the extent of surface crevassing, and the mechanism
by which sudden collapse propagates when surface melt and crevasses coincide. These lines of work will
hopefully converge to create process models that allow for the accurate implementation of ice shelf collapse
in ice sheet models.

Scambos and others (2000) noted the high number of melt days prior to collapse events at the Prince
Gustav, Larsen inlet, Larsen A, Larsen B, and Wilkins ice shelves. Subsequent work by Trusel and others
(2015) assessed the meltwater production at the Larsen A and B during their collapse periods and projected
meltwater production into the future as a function of climate scenario to show the impact of emissions
on future collapse extent. Whether meltwater production alone is the best predictor of supraglacial lake
formation has been questioned on the basis of firn’s ability to store water in pore space. Other proposed
methods for predicting the start of pond formation include using firn air content depletion via firn models
(Munneke and others, 2014) or using the ratio of melt over accumulation as an indicator for firn depletion
(Pfeffer and others, 1991; Donat-Magnin and others, 2021). The timing of future pond formation as a
function climate scenario using these criteria has also been evaluated (e.g. Veldhuijsen and others, 2024;
Donat-Magnin and others, 2021; van Wessem and others, 2023). Work on remote sensing measurements
of pond volume (e.g. Trusel and others, 2013; Moussavi and others, 2020) has begun to allow more direct
testing of these criteria for predicting pond initiation and volume (e.g. van Wessem and others, 2023).

At the same time, methods of predicting the extent of crevassing and whether crevasses would be
susceptible to hydrofracture have been in development. Scambos and others (2000) assessed the ”critical
depth” that pre-existing crevasses must be such that hyrdrofracture occurs given assumptions about
fracture toughness, water levels in crevasses, and firn density. The application of linear elastic fracture

mechanics (LEFM) to crevasse depths (e.g. van der Veen, 1998; Jiménez and Duddu, 2018) allows for the
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prediction of where crevasses should exist based on stress and density profiles. Lai and others (2020) derived
an LEFM-based dimensionless stress threshold that simplified the delineation of regions that should and
should not have surface crevassing. They validated this threshold by identifying crevasses with machine
learning and showing that the vast majority of identified crevasses exist where the threshold predicts
existence of stable crevasses. Finally, they overlapped their mapping of where crevassing is predicted with
the mapping of where ice shelves provide buttressing from Fiirst and others (2016) to reach the conclusion
that approximately 60% of Antarctic ice shelf area is both vulnerable to hydrofracture (given melt) and
important to upstream ice velocity.

With the developing ability to predict where crevasses and surface ponds will overlap from the above
lines of work, the last step is to model the actual collapse mechanism whereby hydrofracture of individual
crevasses leads to the rapid and large scale break-up of a significant fraction of an ice shelf. Scambos and
others (2009) presented two-dimensional flowline modeling results showing how the flexural response from
a calving event can cause additional calving with sufficient meltwater. Banwell and others (2013) proposed
a process and analytical model whereby the flexural response from lake formation and then drainage causes
additional crevassing and drainages from surrounding lakes yielding a chain reaction. This proposed chain
reaction leaves a pattern of intersecting crevasses that can explain rapid collapse. This mechanism has
been further assessed by models of viscoelastic shelf flexure during lake formation and draining (MacAyeal
and others, 2015) and by a cellular automata model of the interaction between melt pond hydrofracture
events (Robel and Banwell, 2019). While these and other efforts will hopefully provide a more mechanistic
method of implementing ice shelf collapse in ice sheet models, there is presently a gap between these
methods and simple implementations used so far. In the most recent ice sheet model ensemble, the Ice
Sheet Model Intercomparison Project for CMIP6 (ISMIP6) (Nowicki and others, 2016), ice shelf collapse
was parametrized based on surface melt alone (Nowicki and others, 2020). An intermediate step might be
to apply the crevasse existence criterion of Lai and others (2020) and prescribe collapse of regions where
crevasses overlap with surface ponds based on criterion from melt production, firn air content depletion,
or melt over accumulation.

We seek to better understand how crevasse-based ice shelf vulnerability may evolve into the future by
applying this criterion from Lai and others (2020) to results from ISMIP6. This work furthers understanding
of future ice shelf vulnerability in general but also provides a preview of what may be expected if this

criterion is applied in future ice sheet modeling efforts. In ISMIPG, ice sheet modelers ran a set of common
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experiments defined by input climate scenarios, climate models, and process parametrizations. Through
this, ISMIP6 provides projections of the Greenland and Antarctic contributions to sea-level rise that include
both climate-forcing and ice-sheet-modeling driven uncertainty (Goelzer and others, 2020; Seroussi and
others, 2020; Payne and others, 2021). By further postprocessing the ISMIP6 Antarctica results, we can
make projections of ice-shelf-vulnerability evolution considering these same unknowns. In our reanalysis,
we also consider the impacts of fracture toughness on both the initial and evolved ice-shelf vulnerabilities.

As noted, the parametrization of ice shelf collapse implemented in some ISMIP6 experiments was based
only on surface melt (Nowicki and others, 2020), so we can assess how the collapse forcing might have
changed with the stress preconditioning criterion from Lai and others (2020). These experiments also allow
for study of how partial ice shelf collapse can affect ice shelf vulnerability of the remaining shelf fraction

to assess the importance of using an evolving parametrization.

METHODS
Surface Stress Calculation

While each ice sheet model in the ISMIP6 ensemble will have directly calculated deviatoric stresses, these
are not provided in the standard, gridded output that modelers reported. Because of this, we use the velocity
output that all models reported on the ISMIP6 standard, eight-kilometer grid to compute deviatoric stress
at the surface. The gradient of the velocity fields (calculated with central differences) gives strain rates, and
we calculate the deviatoric stress tensor following Cuffey and Patterson (2010). For models that output
evolving surface temperatures, we calculated the surface stress accordingly. For models that do not report
an evolving temperature, we assume the temperature of Comiso (2000), which was used as a boundary
condition for the thermal solver of at least two of the models (Seroussi and others, 2020). Table 1 shows
which models’ results were analyzed with reported versus assumed surface temperatures. The assumption
of rheology (Cuffey and Patterson, 2010) and (in some cases) surface temperature may result in a mismatch
between a model’s stress and the recalculated stress. Nonetheless, the direction and approximate magnitude

of change in stress through time will still be captured.

Shelf Vulnerability Calculation

Lai and others (2020) derived equations for dimensionless resistive stress and a critical value of this
dimensionless resistive stress that causes crevassing regardless of initial flaw size. They argue that this

is a criterion for shelf vulnerability to hydrofracture when surface meltwater is present, as it guarantees
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Table 1. ISMIP6 models’ temperature and velocity outputs used for reanalysis.

Model name Temperature  Velocity
AWI_PISM1 reported surface
DOE_MALI reported surface

ILTS_PIK_SICOPOLIS1 reported surface

IMAU_IMAUICE1 Comiso mean
IMAU_IMAUICE2 Comiso mean
JPL1_ISSM Comiso mean
LSCE_GRISLI2 reported surface
NCAR_CISM reported surface
UCLJPL_ISSM Comiso* mean
ULB_fETISh_16km reported surface
ULB_fETISh_32km reported surface
UTAS_Elmerlce Comiso* surface
VUB_AISMPALEO reported surface

*Confirmed to match surface temperature used as thermal
model boundary condition in appendix of Seroussi and others

(2020).

114 the presence of crevasses to be hydrofractured. Their dimensionless resistive stress, Rz, is

D Ry

= 1
= M

115 where R, is resistive stress, p; is ice density, g is gravitational acceleration, and H is ice thickness. The
116 dimensionless resistive stress threshold, R}, is

R /2 2/3
- (304 ke

o F3/2 0 1C

(2)

117 where K¢ is dimensionless fracture toughness and F and f are linear elastic fracture mechanics (LEFM)
118 functions that can be approximated for shallow crevasses as F' ~ 1.122 and f ~ 1.068. Lai and others
119 (2020) provide the generalized equations that apply when crevasses are a significant fraction of ice thickness.

120 Dimensionless fracture toughness is given by

Kic

Kio=—"_
€7 pigH3?
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where K¢ is fracture toughness. Fracture toughness is the one free parameter in these equations and is
the property of ice that describes its resistance to crevasse formation. van der Veen (1998) specified the
plausible range of fracture toughness as 100 to 400 K Pa m'/2 based on lab tests of real glacial and synthetic
ice by Fischer and others (1995) and Rist and others (1996). We use 200 K Pa m'/? for all analyses except
when specifically studying sensitivity to fracture toughness. See the Fracture Toughness Sensitivity section
below for a brief review of experimental fracture toughness results.

Mirroring Lai and others (2020), we neglect the effect of firn on both the density and rheology of the
ice shelf surfaces. We also do not consider the change of ice temperature with depth or seasonal change
in surface temperature. The one difference between the calculations we use and those of Lai and others
(2020) is in the calculation of the resistive stress from the deviatoric stresses. We calculate the resistive

stress, R, as
Rye =211+ 1 (4)

where 71 and 7o are the maximum and minimum principal deviatoric stress from the surface (planar)
deviatoric stress tensor. These deviatoric stresses are calculated with effective strain rate, é.rr, that
recognizes mass continuity (€., = —é;, — €y,) but neglects vertical shear strain rates (é,, = €é,. = 0)

such that

. 1. . . .
o =[5 @+ 8, ) + 8, ®)
Lai and others (2020) applied the one-dimensional version of Glen’s flow law in either the maximum

principal stress direction or the flow direction:

Rye = 2B&/? (6)

.1/3
sz = 2Beflow dir. (7)

where B is ice rigidity, ¢; is the maximimum principal strain rate, and € o 4ir. is the strain rate in the flow
direction. Our use of the maximum principal stress direction will tend to increase shelf vulnerability as
sometimes the flow direction and maximum principal stress directions are misaligned. Our inclusion of the
minimum principal stress term and effective strain rate calculation reduces the vulnerability in shear zones,
as the pure shear strain rate state has a minimum principal deviatoric stress that is equal in magnitude

but opposite in sign to the maximum principal deviatoric stress (7 = —77).
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145 Shelf Vulnerability Sensitivity Analyses

146 We first analyze the shelf-vulnerability-evolution impact of climate scenario with two representative
147 concentration pathways (RCPs), climate models with three atmosphere-ocean global circulation models
148 (AOGCMs), and basal melt parametrization with four sensitivity tunings. We also analyze the sensitivity
149 of initial and evolving vulnerability to ice’s fracture toughness. In these analyses, we show the mean and
150 standard deviation across models of the percentage of the ice shelf that is vulnerable. These metrics are
151 calculated for 2014 (the end of model initialization), 2050, 2075, and 2100. The total ice shelf areas can
152 increase through grounding line retreat or decrease through calving (for models that included a calving
153 law). To avoid this artificially changing the vulnerable fraction, the fractions are calculated against the
154 initial shelf areas. Some models that include calving have major reductions in shelf area such that a very
155 high or low vulnerable fraction could be reported from a shelf remnant. To avoid this possible source of
156 error, vulnerable fractions are only included in the average if the shelf area remains above 80% of its initial
157 value.

158 The ISMIP6 experiments included a standard basal melt parametrization but also allowed models to
159 use a custom parametrization. To include as many models as possible in our comparisons, we group the
160 experiments that are identical except for the use of the standard versus open basal melt parametrizations.
161 In cases where a model participated in both melt experiments, we take the submission to the experiment
162 with the standard basal melt parametrization. For example, exp0l and exp05 were both forced by the
163 NorESM1-M climate model under the RCP8.5 scenario with exp01 using the open melt parametrization
164 and exp05 using the standard parametrization. In this case, all exp05 submissions are included along with
165 exp01 submissions only from models that did not submit to exp05. Table 2 shows the experiment groupings

166 used in all comparisons.

167 Climate Scenario Sensitivity

168 The ISMIP6 Antarctica experiments include projections under the RCP2.6 and RCP8.5 scenarios driven
169 by the NorESM1-M climate model. This was the only climate model with both RCP8.5 and RCP2.6 in
170 the Tier 1 ISMIP6 experiments, which have the most participating models (Seroussi and others, 2020). We
171 select the corresponding experiments (exp05/exp01 and exp07/exp03) to study the sensitivity of ice shelf

172 vulnerability evolution to climate scenario with one climate model.
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Table 2. ISMIP6 Experiments and associated parameters used in all comparison analyses for studying the sensitivity
of ice shelf vulnerability to RCP, AOGCM, basal melt parametrization, and fracture toughness. Entries in bold

indicate the forcing or parameter that varies between the ensemble results groups.

Analysis Experiment AOGCM Scenario  Ocean Forcing Ocean Sensitivity Fracture Toughness
RCP exp05/exp01 NorESM1-M RCP8.5 Standard/Open Medium 200 K Pa m'/?
exp07/exp03 NorESM1-M RCP2.6 Standard/Open Medium 200 K Pa m'/?
AOGCM  exp05/exp01 NorESM1-M RCP8.5 Standard/Open Medium 200 K Pa m*/?
exp06/exp02 MIROC-ESM-CHEM RCP8.5 Standard/Open Medium 200 K Pa m'/?
exp08/exp04 CCSM4 RCP8.5 Standard/Open Medium 200 K Pa m*/?
Basal expl0 NorESM1-M RCP8.5 Standard Low 200 K Pa m'/?
Melt exp05 NorESM1-M RCP8.5 Standard Medium 200 K Pa m'/?
exp09 NorESM1-M RCP8.5 Standard High 200 K Pa m'/?
expl3 NorESM1-M RCP8.5 Standard PIGL 200 K Pa m'/?
Fracture exp05/exp01 NorESM1-M RCP8.5 Standard Medium 100 KPa m'/?
Toughness exp05/exp01 NorESM1-M RCP8.5 Standard Medium 200 KPa m'/?
exp05/exp01 NorESM1-M RCP8.5 Standard Medium 300 KPa m'/2
exp05 /exp01 NorESM1-M RCP8.5 Standard Medium 400 KPa m'/?

Climate Model Sensitivity

The tier 1 ISMIP6 experiments included forcings from three AOGCMs. Climate models that perform well
against reanalysis of the Antarctic climate while also sampling lower and higher warming were selected
by the ISMIP6 team (Barthel and others, 2020). Although the Tier 2 experiments included forcings from
three additional climate models, using them would reduce the number of ice sheet models in our analysis
from 16 to 10. For this reason, we compare the ice sheet vulnerability through time under forcings from the
three climate models included in the Tier 1 experiments: NorESM1-M, MIROC-ESM-CHEM, and CCSM4

(exp05/exp01, exp06/exp02, exp08/exp04). The climate scenario used in these experiments is RCP8.5.

Basal Melt Parametrization Sensitivity

The ISMIP6 protocol provides four basal melt parametrizations for Antarctic ice shelves. The development
of these parametrizations is specified in Jourdain and others (2020). The low, medium, and high basal melt
parametrizations correspond to the 5th, 50th, and 95th percentile tuning paramaters from all Antarctic

ice shelves. The Pine Island Glacier (PIGL) melt parametrization is a tuning that reproduces the high
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186 basal melt rates near the grounding line of Pine Island Glacier under the premise that the high sensitivity
187 observed at Pine Island could be indicative of future response to ocean warming. We will asses the evolution

188 of shelf vulnerability with each of these basal melt paremetrizations (exp10, exp05, exp09, and expl3).

189 Thickness Change Correlation
190 That stress increases linearly with ice thickness in laterally confined or unconfined ice shelves has been
191 derived and used to infer ice rheology in numerous studies (e.g. Thomas, 1973; Millstein and others, 2022).

192 For example, when longitudinal spreading dominates, the longitudinal deviatoric stress (7,,) is

1
Tex = 1ng(1 - pi/psw)H (8)

193 where pg, is the density of seawater (Millstein and others, 2022). With the assumption of purely longitudinal

194 extension, lateral deviatoric stress, 7y, is negligible making the resistive stress:

195 From this relationship, we may expect that as increased basal melt causes shelf thinning, stress and thus
196 shelf vulnerable area will decrease across some shelf regions. To better understand how much of shelf
197 vulnerability change can be explained by thickness decrease, we will plot the correlation of average resistive
198 stress change, average critical dimensionless restive stress exceedance change, and shelf vulnerable fraction

199 change against average shelf thickness change. The change in average resistive stress is calculated as
ARyy = avg (Ryz.f — Reayo) (10)

where R, ¢ is the final per-grid-point resistive stress and R, , is the initial per-grid-point resistive stress.

The average change in dimensionless resistive stress threshold exceedance is calculated as

A(Ryy — Riy) = (11)

avg ((Ravs = Bouy) = (Ravo = Riy)) (12)

*

va,0 aT€ the

200 where f{m s and Rmyo are the final and initial dimensionless resistive stresses and ]N%;Z, f and R
201 final and intial dimensionless resistive stress thresholds for crevasse formation. Recall that the dimensionless

202 resistive stress is a function of the stress and thickness (Equation (1)) and that the critical dimensionless
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resistive stress is a function of thickness and fracture toughness but not stress (Equation (2)). Change in

shelf vulnerable area fraction is calculated as

AVuln Fraction =

Avulnerable,f - Avulnerable,o (13)
Atotal,o

where Ayyineratie,f is the final area shelf area, Aoq1,0 is the initial total shelf area, and Ayyinerabie,o is the
initial vulnerable shelf area. As before, any shelf that drops below 80% of its initial area will be excluded
from these analyses to avoid artificial results from shelf remnants. The correlation of these changes in shelf
stress and vulnerability against thickness change will be shown for every model and experiment combination
that makes up the sensitivity analyses to climate scenario, climate model, and basal melt parametrization
(Table 2).

When analyzing the correlation with thickness change of resistive stress and of dimensionless resitive
stress threshold exceedance, we can plot a theoretical prediction starting from an averaged initial thickness.
For a given shelf, we take the spatially-averaged initial thicknesses from all ice sheet models and average
those to get this starting thickness. Predicted change in resistive stress is calculated with change from
this initial thickness using Equations (8, 9). Predicted change in exceedance of the dimensionless resistive
stress threshold can then be calculated with Equations (1-3) taking the predicted resistive stress change
and fracture toughness used in the ice sheet model reanalyses as input.

Finally, it is important to distinguish between thickness change being used here and in the ISMIP6 results
papers. To calculate sea-level rise that excludes model drift that is deemed artificial, change in thickness
reported in Seroussi and others (2020) is the thickness change in the experiment run minus the thickness
change in a control run that had a constant forcing. Here, we simply use the thickness change in the

experiment, as that thickness change corresponds to stress balance equations in the ice sheet model.

Fracture Toughness Sensitivity

van der Veen (1998) reviewed fracture toughness tests of real glacial samples as well as synthetic ice by
Fischer and others (1995) and Rist and others (1996) and recommended a range of 100 to 400 K Pa m'/2.
The high end value is anchored by exactly one result from the glacial samples of Rist and others (1996),
whose other glacial ice results (excluding firn) fall between 140 and 260 K Pa m!/?. Their synthetic ice
tests fell between 100 and 300 K Pa m'/? with more scatter for larger grain sizes. The synthetic ice tests of
Fischer and others (1995) gave fracture toughness values between 100 and 210 K Pa m!/? with an average

of 146 K Pa m!/2. More tests on synthetic ice by Litwin and others (2012) yielded results between 100 and

Cambridge University Press
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231 200 K Pa m'? with some lower values as melting temperature is approached. This result was consistent
232 with other synthetic ice studies they reviewed. We will assess the importance of further constraining
233 this parameter by analyzing shelf vulnerability with fracture toughness values of 100, 200, 300, and 400
234 KPa m'2. This is performed on the projections from exp05 and exp01 (standard and open basal melt
235 parametrization for RCP8.5 forced by NorESM1-M) as all models participated in at least one of these two
236 experiments. For all other analyses in this paper, we use 200 K Pa m'/2, which falls near the average of
237 the glacial ice tests by Rist and others (1996). Given these samples came from boreholes into the Ronne

238 ice shelf, we deem it appropriate to assign them extra weight.

239 Evaluation of Ice Vulnerability under the ISMIP6 Shelf Collapse Forcing

240 ISMIPG6 included two experiments with an ice shelf collapse forcing (expll and expl2). The only difference
241 between these experiments is that expll used open basal melt parametrizations while exp12 employed the
242 standard medium parametrization. All models that participated in expll also participated in expl2; we
243 only analyze the expl2 submissions. The collapse forcing was applied in all participating models based on
244 the atmospheric forcing alone and did not consider stress-based ice shelf vulnerability.

245  Under the expl1 and expl2 forcing, the Larsen C, George VI, Wilkins, and Abbot ice shelves are predicted
246 to see complete collapse by 2100. The Larsen C sees collapse near its ice forcing by 2025 and collapse of
247 the remaining shelf between 2055 and 2065. The George VI sequence is similar with an early collapse of
248 the Northern end and a 2055 to 2065 collapse of the rest. Most of the Wilkins shelf is predicted to collapse
249 near the start of the experiment. The Abbot is predicted to see most of its collapse between 2075 and 2085
250 (Fig. 1).

251 We assess where the forced collapse was applied to vulnerable and non-vulnerable ice based on the
252 crevasse-presence criterion from Lai and others (2020). In our postprocessing, we vary whether or not shelf
253 vulnerability is evolved as well as the value of fracture toughness. These analyses help assess the importance
254 of these factors in future paremetrizations of shelf collapse based on both melt and stress. We perform four

255 versions of this analysis:

256 1. EVO100: Evolving vulnerability with fracture toughness of 100 K Pa m!/?
257 2. NON-EVO100: Non-evolving vulnerability with fracture toughness of 100 K Pa m!/?

258 3. EVO0400: Evolving vulnerability with fracture toughness of 400 K Pa m!/?

Cambridge University Press
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4. NON-EV0400: Non-evolving vulnerability with fracture toughness of 400 K Pa m!/?

Collapse sequences with buttressing number

We will show several examples of collapse sequences as implemented in individual ice sheet models to
understand how shelf collapse may or may not cause upstream shelf vulnerability. We will show both
how shelf vulnerability and normal buttressing number change through time. Normal buttressing number
calculations for ice shelves come from Fiirst and others (2016). In Fiirst and others (2016), normal

buttressing number, K,,, is calculated as

K,=1- (14)

0

where n is a horizontal direction, R is the depth-averaged resistive stress tensor, and Ny is the resistive
stress stress that would exist if there were an ice cliff rather than continued shelf extent. This value is given

by

1 Pz‘)
Ny=—p; [1— H. 15
0 2m< )9 (15)

Ideally, the stress used in our analysis would be the depth-averaged resistive stress as above. This
calculation, however, would require the depth-averaged ice rigidity (or flow factor) or vertical temperature
profiles to recalculate it. The ISMIP6 model outputs include only the surface and base temperatures.
While we could attempt to estimate depth-averaged rigidity by assuming a temperature profile with
these end points, we instead take the surface stress to avoid adding another variable. This unavoidable
simplification means we cannot quantitatively link the buttressing factor of removed ice to upstream change
in vulnerability. Despite this limitation, sequential plots of buttressing number as calculated with surface
stress still aid in qualitative understanding of when shelf collapse may effect more vulnerability. Flirst
and others (2016) considered both the maximum principal stress direction and flow direction for n and

recommended the maximum principal stress direction. We follow this recommendation.

Shelf Selection

The ISMIP6 models have considerable differences in shelf extent that arise from their varying spinup
methods (Seroussi and others, 2020). For smaller ice shelves, these differences are more pronounced and
may override comparison of ice shelf vulnerability based on differences in stress evolution. For this reason, we
use large shelves in our analyses. For sensitivity analyses (RCP, AOGCM, Basal Melt, Fracture Toughness),

we consider the Ross, Filchner-Ronne, Amery, and Larsen C shelves. The ISMIP6 shelf collapse forcing

Cambridge University Press



Journal of Glaciology Page 14 of 39
Reynolds and Nowicki: Shelf Vulnerability in ISMIP6 13

Collapse Forcing (CCSM4) Collapse Forcing (CCSM4)

year | 2061

B 2056 2062
B 2057 2063

year
| 2015 - 2025
| 2025 - 2035

] 2035 - 2045 I 2058 2064
2045 - 2055 | 2059 2065
2055 - 2065 | 2060 2066

2065 - 2075
2075 - 2085
2085 - 2095
2095 - 2100

> 2066

0 25 50km
[

Collapse Forcing (CCSM4)

,fr?; year

[ 2015 - 2025

I 2025 - 2035

[ 2035 - 2045
2045 - 2055
2055 - 2065
2065 - 2075
2075 - 2085
2085 - 2095

2095 - 2100

Collapse Forcing (CCSM4)
year 2055 -
2015 - 2025 | 20865 - 2075
2025 - 2035 | 2075-2085
2035 - 2045 [ 2085 -
2045 - 2055 2095 -

Fig. 1. ISMIPG6 expll and expl2 collapse forcing dates for (A) the Larsen C between 2015 and 2100, (B) the Larsen
C from 2056 to 2066, (C) the Wilkins and George VI shelves from 2015 to 2100, and (D) Abbot from 2015 to 2100.
A, C, and D use 10-year intervals while B shows the per-year collapse forcing. The collapse forcing is plotted on
the Landsat Image Mosaic of Antarctica (courtesy of the U.S. Geological Survey) and MEaSUREs grounding line
and ice-sheet extent boundaries (Mouginot and others, 2017) included in the Quantarctica mapping environment

(Matsuoka and others, 2021).
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primarily impacted the Larsen C, George VI, Wilkins, and Abbott ice shelves. The Wilkins domains across
models vary too significantly for comparison, so we analyze the other three shelves in evaluating the ice

vulnerability under the ISMIP6 collapse mask.

RESULTS
Climate Scenario Sensitivity

Figure 2 shows the average vulnerable fraction of the Ross, Filchner-Ronne, Larsen C, and Amery ice
shelves in 2014, 2050, 2075, and 2100 under RCP8.5 and RCP2.6 driven by the NorESM1-M climate
model. The bars are the average fraction of total shelf area that is vulnerable from all the participating
models and the error bars show the standard deviation of vulnerable fraction across the models. For each of
these shelves, there is minimal change in vulnerable area through the end of the century under the RCP2.6
scenario. Under the RCP8.5 scenario, the Filchner-Ronne still has minimal change. The three other shelves,
however, all see some reduction in vulnerable fraction by the end of the century. It is important to reiterate
that this is with one climate model only.

The spatial pattern of model agreement on shelf vulnerability for the Ross shelf in 2014 and 2100 under
RCP2.6 and RCP8.5 is shown in Figure 3. Color represents fraction of ice-sheet models that agree a given
pixel is vulnerable. In the initial state as well as in 2100 under RCP2.6, nearly all models agree that the
much of the ice front is vulnerable to hydrofracture. Under RCP8.5, however, three models see this region
become non-vulnerable between 2075 and 2100. Many models have high vulnerability at the grounding line
but lower vulnerability immediately downstream. This can be seen in Figure 3, but is partially hidden by
the fact that the grounding line location varies per ice sheet model. Reviewing individual ice sheet model
results, however, confirms this pattern. Individual results for each model can be found in a repository linked
in the Data section. The majority of models become non-vulnerable near the grounding line by 2100 under
RCP8.5 but not under RCP2.6. The horizontal lines come from a regridding artifact present for one of the

model’s postprocessed data.

Climate Model Sensitivity

Figure 4 shows the evolution in averaged shelf vulnerable fraction through time under RCP8&.5 with three
AOGCMs: NorESM1-M, MIROC-ESM-CHEM, and CCSM4. The Ross and Amery shelves see decreasing
vulnerable fractions through 2100 with all AOGCMs. The Filchner-Ronne has a small but steady decrease

in vulnerability under the CCSM4 forcing and negligible change under the NorESM1-M and MIROC-
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Fig. 2. Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 for the (A) Ross,
(B) Filchner-Ronne, (C) Larsen C, and (D) Amery shelves under RCP8.5 and RCP2.6. Reanalysis is of exp05 and
exp01 for RCP&.5 and exp07 and exp03 for RCP2.6. All these experiments are forced by NorESM1-M. Exp05 and
Exp07 use the standard basal melt parametrization while exp0Ol and exp03 use open basal melt parametrizations.

The fracture toughness used in post processing was 200 K Pa m'/2. Error bars show + /- one standard deviation.

ESM-CHEM forcings. The Larsen C sees similar decreases in vulnerability under the forcings from the
NorESM1-M and CCSM4 climate models but negligible change in vulnerability under the forcing from

MIROC-ESM-CHEM.

Basal Melt Parametrization Sensitivity

ISMIP6 experiments included basal melt parametrizations tuned to the 5th, 50th, and 95th percentiles from
shelves across Antarctica (low, medium, and high) as well as tuned to reproduced the high sensitivity to

ocean warming observed at Pine Island (PIGL). Figure 5 shows the evolution in averaged shelf vulnerable
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Fig. 3. Percentage of models that predict vulnerability for each grid point (A) after initialization in 2014, (B) in
2100 under RCP2.6 (exp07 and exp03), and (C) in 2100 under RCP8.5 (exp05 and exp01) using the NorESM1-M

climate model.

fraction through time with these four basal melt parametrizations. For all shelves, an increase in basal melt
rate corresponds to a faster decrease in shelf vulnerability. Under the low, medium, and high basal melt
parametrizations, there is little change in vulnerability through 2075. For the Ross and Amery shelves, the
PIGL melt parametrization causes the decrease in vulnerability to start by 2050. For the Filchner-Ronne,
there is little decrease in shelf vulnerability for all parametrizations except the PIGL tuning. For the Larsen
C, the PIGL tuning mainly adds to the decrease in vulnerability at the end of the century but has little

effect through 2075. In general, there is little sensitivity to the change in basal melt rate caused by the low,
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Fig. 4. Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 for the (A) Ross,
(B) Filchner-Ronne, (C) Larsen C, and (D) Amery shelves with three AOGCM forcings under RCP8.5. The fracture

toughness used in post processing was 200 K Pa m'/?. Error bars show + /- one standard deviation.

medium, and high tunings while the PIGL tuning is enough to cause changes earlier in the century and to
significantly reduce the vulnerability at the end of the century.

As with comparing climate scenarios, the change in predicted shelf vulnerability through time as a
function of basal melt parametrization can also be seen from sequences of single-year plots of per-pixel
ice-sheet model agreement of vulnerability. Figure 6 shows this result for the initial state (2014) as well as
in 2100 with the standard medium and PIGL basal melt parametrizations for the Ross and Filchner-Ronne.
Before considering change we note that the Filchner-Ronne, like the Ross, is predicted to be vulnerable in

the center of flow near the front by most models and near the inlet glaciers by fewer models. At the Filchner-
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Fig. 5. Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 for the (A) Ross,

(B) Filchner-Ronne, (C) Larsen C, and (D) Amery shelves with four basal melt tunings. All experiments shown used

NorESM1-M under the RCP8.5 scenario. The fracture toughness used in post processing was 200 K Pa m'/?. Error

bars show +/- one standard deviation.

Ronne, it is also again the case that individual models report higher vulnerability near the grounding line
than immediately downstream, but that this pattern is partially hidden by differences in grounding line
positions between models. At the Ross under the PIGL melt parametrization, most models predict non-
vulnerability in 2100 except for small regions at the front (Fig. 6e). While the Filchner-Ronne maintains
more vulnerability under PIGL melt, this vulnerability is concentrated locally near the front with most

models agreeing on non-vulnerability elsewhere (Fig. 6f).
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Fig. 6. Percentage of models predicting vulnerability for each grid point for the Ross in (A) the initial state, (C)
2100 with the standard basal melt parametrization, and (E) 2100 with the PIGL basal melt parametrization and the

same for the Filchner-Ronne (B, D, and F).

342 Correlation with Thickness Change

343 As noted in the methods section, shelf thickness reduction would be expected to drive a decrease in stress

344 and a corresponding reduction in shelf vulnerable area. Figure 7 shows the change in average resistive stress
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(across the shelf), average exceedance of the dimensionless resistive stress threshold, and shelf vulnerable
fraction plotted against thickness change for each ice sheet model. Results come from all experiments
used to study climate scenario, climate model, and basal melt parametrization sensitivity at the Ross and
Larsen C ice shelves in 2100. Apart from two instances of the same ice sheet model that show an offset, a
linear relationship between change in average thickness and in average resistive stress is apparent at the
Ross (Fig. 7a). The same is true at the Larsen C (Fig. 7b), but with more noise relative to the change
magnitude. The Ross sees higher thickness change predicted. At the Ross, going from resistive stress change
to dimensionless resistive stress threshold exceedance change recasts the linear relationship into a curve.
For the Larsen C, this change is obfuscated by the higher noise. Finally, change in shelf vulnerable area
with average thickness change becomes much more scattered with small changes in thickness sometimes

corresponding with large changes in shelf vulnerability for both ice shelves.

Fracture Toughness Sensitivity

By selecting one experiment and changing the value of ice’s fracture toughness during post processing, we
can assess the sensitivity of initial and evolving shelf vulnerability to fracture toughness. We selected exp05
and exp01 (NorESM1-M, RCP8.5) for their high participation and then varied fracture toughness between
100 and 400 K Pa m*/? in increments of 100 K Pa m'/2. Figure 8 shows the average vulnerable area fraction
from all ice sheet models through time with these fracture toughness values. At the Ross, Filchner-Ronne,
and Amery shelves, the difference in initial vulnerability with the low and high end fracture toughnesses
is 20% of the shelf area or less. The Larsen C is more sensitive to fracture toughness with a change in
initial vulnerable fraction of roughly 40% of the shelf area. The ice-sheet-model-averaged vulnerable area
itself is approximately halved in size. For all shelves, a fracture toughness of 100 K Pa m'/2? yields an
increase in vulnerable fraction to 2050 and a 2100 vulnerable fraction that is identical or slightly higher
than the 2014 value. This is reversed with a fracture toughness of 400 K Pa m!/2. At all shelves, the average
vulnerable fraction decreases to 2050 and is lower in 2100 than in 2014. With 100 K Pa m'/2, there is also
less variability between models in vulnerable shelf fraction. This is due to the saturation of vulnerable
fraction to nearly 100%. Each of the higher fracture toughness values shifts the vulnerable fractions off of
100% but by varying amounts causing the higher variability.

To better understand the trends observed in the averaged plots, we next show the vulnerable and non-
vulnerable (safe) areas for each model for the Ross and Larsen C shelves with fracture toughness values of

100 K Pa m!/? and 400 K Pa m'/?. Figure 9 shows the shelf area that is vulnerable (lower bar) and not
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Fig. 7. Change in (A) resistive stress, (C) dimensionless resistive stress exceedance, and (E) shelf vulnerable

fraction with thickness change for the Ross shelf and the same (B, D, F) for the Larsen C shelf. Marker shapes

indicate experiments and marker colors indicate models. Dashed black lines indicate the theoretical predictions

whose calculations are discussed in the Thickness Change Correlation part of the Methods section. The fracture

toughness used in post processing was 200 K Pa m'/?.

vulnerable (upper bar) for each year and for each model for the Ross ice shelf analyzed with a fracture

toughness of 100 K Pa m'/2. The combined bar height is the total shelf area. The observed bar on the

right shows the result when the calculations are applied to the 2014-2017 MEaSUREs velocity product

(Rignot and others, 2022) with surface temperature from Comiso (2000). The observed behavior that

lower fracture toughness causes less change in vulnerable area through time can be seen for several models

Cambridge University Press



Page 23 of 39 Journal of Glaciology

380

381

382

383

384

385

386

387

Reynolds and Nowicki: Shelf Vulnerability in ISMIP6 22
Ross: exp05-01 Fracture Toughness Sensitivity Filchner-Ronne: exp05-01 Fracture Toughness Sensitivity
[ I 2014 2050 2075 12100 [ 2014 EEEI2050 12075 C___J2100]

) 100 1 @ 100 .
g g
2 80f 1 & 80r |
= s
5 60 15 60 1 .
o e
Q [<}]
S 4ot 1 8 40t -
2 2 I
’ 20 — — ) 20 V E |

0 - 0 .

N NG N N N N W i
o « <& «
q‘?"’& \[S"a‘d\ @?a‘“\ @2@‘0 we Nige Nida w2
A 0 S0 i ® A O e
G G NG G O O NG NG
Amery: exp05-01 Fracture Toughness Sensitivity LarsenC: exp05-01 Fracture Toughness Sensitivity
[ 014 2050 2075 [_J2100] [ 014 2050 02075 _J2100]

© 100 1T 100 1
o o
& [
g 80t {1 g 8ot -
=) =
s s
5 60 1 5 60 -
s e
Q [<F]
8 40t {1 8 a0t 1
o ]
F = =
. “l 1" °l |

0 - 0

N i Nig g g i g g
W\ & © o < & ©
w? w? w? we we w?e «? «?
P P 5 i P P S S
A @) G A G G L @) AR A%

Fig. 8. Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 for the (A) Ross,
(B) Filchner-Ronne, (C) Larsen C, and (D) Amery shelves with fracture toughness values of 100, 200, 300, and 400
KPam'?. Exp05 and exp01 results were analyzed, which are driven by a NorESM1-M RCP8.5 forcing with standard

medium (exp05) or open (exp01) melt parametrizations. Error bars show +/- one standard deviation.

(AWI_PISM1, ILTS_PIK_SICOPOLIS, JPL1_ISSM, LSCE_GRISLI2, NCAR_CISM). Figure 10 shows the
vulnerable and non-vulnerable shelf areas for the Larsen C. While two models (ULB fETISH 16km and
32km) have complete losses of vulnerable area with the higher fracture toughness, all models have major
decreases contributing to the high sensitivity observed for the Larsen C. The same behavior of higher
fracture toughness causing a larger change through time in individual models can be observed. For both
shelves, the low change in vulnerability through time with low values of fracture toughness is caused at
least in part by saturation: the stress threshold is exceeded by a large margin across most of the shelf so a

decrease in stress will not cause much ice to move across the threshold.
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Fig. 9. Per model vulnerable and safe shelf area evolution through time for the Ross ice shelf with fracture toughness
values of (A) 100 K Pa m'/? and (B) 400 K Pa m'/?. Reanalysis is of exp05 and exp01 which are forced by NorESM1-M
under an RCP8.5 scenario with standard medium and open basal melt parametrizations respectively. The ” observed”
bar on the right side comes from applying the same vulnerability calculations directly to the MEaSUREs 2014-2017

velocity mosaic (Rignot and others, 2022) with surface temperature from Comiso (2000).

388 Evaluation of Ice Vulnerability under the ISMIP6 Shelf Collapse Forcing

389 ISMIP6 included a collapse forcing based on meltwater availability in expll and expl2. Both experiments
390 used the CCSM4 climate model under the RCP8&.5 scenario but with open basal melt parametrizations in
301 expll and the standard medium parametrization in expl12. For the Larsen C, George VI, and Abbot ice
392 shelves, we analyzed the fraction of collapsed area that was predicted to be vulnerable in expl2. Figure 1
393 showed the collapse forcing years for these shelves. The average percentage of the collapsed shelf area that
394 was predicted to be vulnerable at the time of collapse with and without evolving vulnerability and with
305 fracture toughness values of 100 K Pa m'/? and 400 K Pa m'/? is given as Figure 11. For the Larsen C, The

1/2

396 use of evolving vulnerability appears to have little effect with both ensembles using 100 K Pa m*/* having
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Fig. 10. Per model vulnerable and safe shelf area evolution through time for the Larsen C ice shelf with fracture
toughness values of (A) 100 K Pa m'/? and (B) 400 K Pa m'/?. Reanalysis is of exp05 and exp01 which are forced by
NorESM1-M under an RCP8.5 scenario with standard medium and open basal melt parametrizations respectively. The
”observed” bar on the right side comes from applying the same vulnerability calculations directly to the MEaSURESs

2014-2017 velocity mosaic (Rignot and others, 2022) with surface temperature from Comiso (2000).

around 65% vulnerability and both ensembles using 400 K Pa m'/? averaging around 28% vulnerability.
The George VI and Abbot shelves, however, are more affected by evolving vulnerability with increases in
vulnerable fraction corresponding to the use of evolving shelf vulnerability. Whether the majority of collapse
was vulnerable at the Larsen C varies with fracture toughness. At the George VI and Abbot however, no
more than 40% of collapsed area was vulnerable for any of the analyses. While evolving vulnerability does
not appear to make a major difference to the Larsen C results, looking at individual ice sheet model results
shows that there is an impact that happens to cancel out on average.

Figure 12 panels A and B show the areas of collapse that were forced and vulnerable, forced and not

vulnerable, and not forced for each model with and without evolving vulnerability and a fracture toughness
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100 Vulnerable Fractions Under Collapse Forcing
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Fig. 11. Mean fraction of shelf collapse in 2100 (exp12) that was vulnerable for the NON-EVO100 (fracture toughness
of 100 KPa m'/? without evolving vulnerability), EVO100 (fracture toughness of 100 KPa m'/? with evolving
vulnerability), NON-EVO400 (fracture toughness of 400 K Pa m!/? without evolving vulnerability), and EVO400
(fracture toughness of 400 K Pa m'/? with evolving vulnerability) analyses for the Larsen C, George VI, and Abbot

ice shelves. Error bars show +/- one standard deviation of the ice sheet-model-ensemble.

206 of 100 K Pa m'/? for the Larsen C. The unforced collapse may be because of a shelf extent beyond the
407 modern day extent for the which the forcing was applied. Five models saw an increase in collapse of
408 non-vulnerable shelf area; two models had increased collapse areas predicted to be vulnerable, and two
409 models had little change. Even for the models with little change, the spatial patterns of vulnerable and
410 non-vulnerable collapsed area were significantly different but balanced each other out. This can be seen for
411 the JPL1_ISSM model in Figure 12 panels C and D. Evolving vulnerability caused a reduction in vulnerable
412 area at the front but an increase upstream where collapse of buttressing ice add stress.

413 Note that, for models that included calving, shelf retreat due to calving may be misclassified as
414 being due to the collapse forcing. Of the models that participated in expl2, this includes AWI_PISM,
415 ILTS_PIK_SICOPOLIS, and LSCE_GRISLI2. Systematically identifying calving retreat versus collapse
416 forcing retreat was difficult as the timing of collapse forcing retreat varies across models. Manual
417 review of retreat shows shows that ILTS_PIK_SICOPOLIS is minimally affected while AWI_PISM and
418 LSCE_GRISLI2 have calving retreat that is mostly categorized as vulnerable collapsed area. The calving
419 retreat generally only slightly outruns the collapse forcing, because the collapse forcing is applied in short,

420 rapid bursts.
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Fig. 12. Forced collapse area that was vulnerable, forced collapse area that was not vulnerable, and non-forced
collapse area for the Larsen C ice shelf (A) without evolving vulnerability and (B) with evolving vulnerability and

classification in 2100 for the JPL1_ISSM ice sheet model with the (C) NON-EVO100 and (D) EVO100 analyses.

Evaluation of Collapse-Shelf-Vulnerability Feedback

To better understand how collapse forcing can influence upstream vulnerability, we next consider several

examples of individual models responding to multi-year collapse sequences. We plot the shelf vulnerability
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424 alongside the buttressing number to show how the safety band idea of Fiirst and others (2016) applies
425 to vulnerability feedback. Figure 13 shows this for the DOE MALI submission in 2025 to 2027 from the
426 EVO0400 analysis. A major portion (roughly 10,000 km? or 15% of the shelf) of the front of the Larsen
427 C shelf is removed under the collapse forcing. This collapsed region, however, has a buttressing number
428 under approximately 0.2 and there is little upstream change in shelf vulnerability accordingly. Later in
429 2059 through 2061 (Fig. 14), a corner of the shelf is removed by the forcing that has higher buttressing
430 (around 0.6 and up) is collapsed. This causes the adjacent region of the shelf to go from non vulnerable to
431 vulnerable in 2060 such that collapse forcing in 2061 now affects vulnerable ice.

432 A more pronounced example of the importance of evolving shelf vulnerability is shown in Figure 15
433 for the UCIJPL_ISSM submission in the EVO100 analysis. Shelf area removed by the collapse forcing in
434 2055 to 2057 causes a major region (roughly 3000 km?) to become vulnerable. That region subsequently
435 collapses between 2060 and 2064. Therefore, if an evolving stress-based criterion were included for collapse

436 determination, this region would collapse despite not being initially vulnerable.

437 DISCUSSION
438 A Negative Basal Melt Feedback?

439 At first glance, the process of increasing basal melt causing thinning which reduces stress and thus shelf
440 vulnerability to hydrofracture would constitute a negative feedback. Correlation plots of stress change
441 versus thickness change of the Ross showed that large thickness decrease overwhelms other factors and
442 drives stress decrease (Fig. 7) . While buttressing reduces with thinning, the risk of a complete loss of
443 buttressing through shelf collapse goes down. At least three neglected factors complicate determining
444 whether this negative feedback really is present. First, local regions of elevated basal melt (particularly
445 basal channels in shear margins) could counter this stress reduction. Basal melt channels with increased
446 melt rate may preferentially develop in shear margins due to several proposed causes (Alley and others,
447 2019). In shear margins, stress is not driven by the thickness of the ice itself, but by the speed difference
448  between merging bodies of ice. Because of this, as shear margin thickness goes down, shear margin stress
449 may increase as there is less thickness to carry an externally driven load. This can lead to mechanical
450 damage in shear margins further weakening them (e.g. Lhermitte and others, 2020). Additionally, thinning
451 shear margins may then provide less resistance to the ice in the center of flow increasing stress there as well.

452 The calving retreat of Pine Island has been attributed to this by some studies (Alley and others, 2019;
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Fig. 13. Exceedance of dimensionless resistive stress threshold (A, C, E) and buttressing number (B, D, F) in 2025

to 2027 for the Larsen C shelf with the DOE_MALI ISMIP6 submission in the EVO100 analysis.

453 Lhermitte and others, 2020), but upstream surface crevassing has also been observed to have increased

454

(Surawy-Stepney and others, 2023) potentially indicating hydrofracture vulnerability increase. It is worth
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Fig. 14. Exceedance of dimensionless resistive stress threshold (A, C, E) and buttressing number (B, D, F) in 2059

to 2061 for the Larsen C shelf with the DOE_MALI ISMIP6 submission in the EVO100 analysis.

noting that this will be more complex at larger shelves with less developed shear zones than those of the

Pine Island Glacier shelf.
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Fig. 15. Exceedance of dimensionless resistive stress threshold in (A) 2055, (B) 2057, (C) 2060, and (D) 2064 for

the Larsen C shelf with the UCIJPL_ISSM ISMIP6 submission in the EVO100 analysis.

The second potential factor that could void this negative feedback is the presence of relict crevasses. When
the stress drops beneath the threshold, any previously created crevasses remain and, when a crevasse is
already present, less stress is needed to prevent closure because of the crevasse’s stress intensity factor
effects. Therefore, analysis of crevasse removal via ablation and healing is necessary to assess whether
the stress reduction shown yields a significant reduction in crevassed area. The third potential factor is
increasing stress from short-term environmental drivers like ocean swells. As thickness decreases, swells
cause higher stress countering some the stress reduction from gravity-driven flow as discussed in Bassis and
others (2024). Finally, the buttressing provided by a shelf goes down with thickness as well. So, whether
the amount of thickness decrease that reduces vulnerability to where collapse does not occur is enough

thinning that the shelf is largely passive is also an open question.
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467 Shelf Vulnerability Sensitivities

468 Except where calving changes ice shelf flow patterns, evolution in shelf vulnerability mostly equates to
469 evolution in shelf thickness (Fig. 7). Accordingly, basal melt parametrization is the strongest control of
470 future shelf vulnerability. This comes with the caveat that, in the ISMIP6 protocol, experiments changing
471 basal melt parametrizations were applied with the RCP8.5 climate scenario and, for the Ross, the climate
472 model used projected the most local ocean warming of the three considered (Fig. 4). Lower amounts of
473 ocean warming under more mild climate scenarios or more favorable climate models could prevent basal
474 melt parametrization from being a major driver of shelf vulnerability decrease. In general, the differences
475 between models’ initial vulnerability is larger than the evolution in vulnerability that occurs except when
476 the high ends of climate forcing, climate model, and basal melt parametrization stack. For some shelves
477 (the Larsen C and the Amery), the same is true of fracture toughness in the range of 100 to 400 K Pa ml/?
478 while other shelves are less sensitive to fracture toughness (the Ross and Filchner-Ronne). This suggests
479 that improving model initialization to better match modern stress states and further constraining ice shelf
480 fracture toughness are the highest return efforts for improving predictions of ice shelf vulnerability. This is
481 particularly true if the PIGL melt parametrization, which did cause significant change in vulnerability for

482 some shelves, is confirmed to be overly sensitive for the future melt response of other ice shelves.

483 ISMIP6 Shelf Collapse Forcing

484 Under the ISMIP6 collapse forcing, even with the low-end fracture toughness of 100 K Pa m'/2

, five of
485 11 ice sheet models had collapse forcing applications where more than one third of the collapsed area was
486 mnot vulnerable (Fig. 12). Given the other shelves have fairly similar predicted vulnerable area fractions (all
487 are within 60% to 80% for 100 K Pa m'/?, Fig. 8), this finding would likely apply if the large shelves see
488 significant surface melt after 2100. And if fracture toughness is higher, this becomes even more prevalent.
489 This suggests that the inclusion of a stress criterion will prevent collapse of some shelves in some models
490 with a strong fracture-toughness influence. The importance of shelf collapse to sea-level rise as demonstrated
491 by ABUMIP (Sun and others, 2020) and by comparisons in ISMIP6 2300 (Seroussi and others, 2024) of
492  Antarctic contribution with and without collapse makes refining collapse parametrization and fracture
493 toughness estimates critical. That the parametrization presented in Lai and others (2020) with a range of

494 realistic fracture toughness values can create such a range of vulnerability ice-sheet models indicates that

495 sensitivity to parametrization updates will be major.
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Collapse-Shelf-Vulnerability Feedback

At the Larsen C, the lack of major change in the mean or standard deviation of the fraction of forced collapse
that was vulnerable when evolving vulnerability is used was unexpected. This finding was ultimately
explained through the changes across ice sheet models, and even changes within an individual ice sheet
model, balancing out. The evolution of ice shelf vulnerability is always significant in arranging which regions
are vulnerable, but with wide-ranging bulk effects. The averaged vulnerable fractions of collapsed ice at
the George VI and Abbot ice shelves were strongly dependant on whether evolving stress was considered.

The first takeaway, then, is simply that it is important to include shelf vulnerability evolution in future
parametrizations of shelf collapse. An important consideration will be the minimum collapse area of
overlapping shelf vulnerability and surface melt. When evolving vulnerability is used, the vulnerability
is patchy for many models. This means that there would be individual or small groups of grids or elements
upstream that could be collapsed which would like cause downstream ice to become vulnerable. But if larger
overlap areas are required, collapse vulnerability feedback may be prevented. Collapse process models are
needed to understand if there is an area requirement of overlapping melt availability and surface crevasses.

If collapse is allowed to be per grid point or element, model resolution may artificially control the outcome.

CONCLUSION

We applied the ice shelf vulnerability criterion from Lai et al. (2020) to the results of the ISMIPG6 ice sheet
model ensemble. We found that ice shelf vulnerability decreases mostly correlated with ice shelf thinning.
This suggests a negative feedback where ocean warming improves shelf stability, but the impact of relict
crevasses, stress effects of more regional melting, and stress from short-term environmental sources need
further study. Except for cases where sensitive melt parametrizations (PIGL) complement high-emissions
climate scenarios (RCP8.5), shelf vulnerability evolution is a smaller factor than initial differences between
ice sheet models and the effects of fracture toughness uncertainty in determining end-of century shelf
vulnerability.

Because the ISMIP6 shelf collapse forcing was based on surface melt alone, the inclusion of the stress
criterion was certain to find that collapse was overprescribed. For the George VI and Abbot shelves, the
average vulnerable fraction of collapsed ice was no more than 40% with any selection of vulnerability
evolution and fracture toughness. At the Larsen C, vulnerable fraction ranged from approximately 65%

to 40% depending primarily on fracture toughness. With low-end fracture toughness (100 K Pa mY/ 3,
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525 three of 10 models had vulnerability predicted for one half or less of collapsed ice at the Larsen C. With
526 high-end fracture toughness (400 K Pa m!/ 2), seven of 10 models had less than one half vulnerability.
527 So the timing and extent of collapse, per this parametrization of collapse vulnerability, is likely to have
528 been later and less than was applied in the ISMIP6 collapse experiment for many models. Evolving stress
529 state changed the vulnerable and non-vulnerable regions impacted by the collapse forcing but not in a
530 comnsistent manner. Major feedbacks of collapse causing increased upstream vulnerability were observed.
531 This result highlights the importance of understanding whether collapse requires a certain area threshold
532 of overlapping vulnerability and melt, as collapse of small regions can cause more vulnerability allowing
533 for subsequent collapse.

534  In order to understand whether Antarctica’s largest shelves may collapse, which would unleash higher
535 long-term sea-level rise (Sun and others, 2020), we must analyze a longer time period. Future work will
536 assess shelf vulnerability evolution in the extended, 2300 ISMIP6 ensemble (Seroussi and others, 2024)
537 with the same analyses. In the 2300 simulations with some climate forcings, melt is predicted on the major
538 shelves (Ross and Filchner-Ronne) and a collapse forcing was applied. The major amount of ice being
539 held back by these shelves means whether they ultimately collapse will have major implications for the

540 trajectory of Antarctic sea-level rise contribution in multi-century timescales.
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SUPPLEMENTARY MATERIAL

The supplementary material includes the complete set of summarized result plots (vulnerable fractions,
spatial agreement of vulnerability, and per-model vulnerable and non-vulnerable shelf area) organized by

ice shelf. [PDF included in submission.]

DATA

For the analyses studying sensitivity to RCP, AOGCM, basal melt parametrization, and fracture toughness,
the resistive stress, resistive stress misfit relative to MEaSURES, thickness, and dimensionless resistive stress
exceedance plots for all individual ice sheet models are available here: https://zenodo.org/records/14681268
(Reynolds and Nowicki, 2025). Access to ISMIP6 model outputs is available through Ghub here:

https://theghub.org/resources?id=4748.
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S1 Additional Thickness Correlation Figure for Amery and Filchner-

Ronne
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Figure S1: Change in (A) resistive stress, (C) dimensionless resistive stress exceedance, and (E) shelf vulnerable
fraction with thickness change for the Filchner-Ronne and the same (B,D,F) for the Amery shelf. Marker shapes
indicate experiments and marker colors indicate models. Dashed black lines indicate the theoretical predictions
whose calculations are discussed in the Thickness Change Correlation part of the Methods section. The fracture
toughness used in post processing was 200 K Pa m'/2.



S2 Comprehensive Figures Per-Shelf for Sensitivity Analyses

S2.1 Ross
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Figure S2: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 under
RCP8.5 and RCP2.6; (B) initial per-pixel vulnerability agreement across models; (C) 2100 vulnerability agreement
under RCP8.5; and (D) 2100 vulnerability agreement under RCP2.6 driven by the NorESM1-M climate model for
the Ross.



Ross: Climate Model Forcing under RCP8.5
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Figure S3: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 using
RCP8.5 with three climate models; (B) initial per-pixel vulnerability agreement across models; (C) 2100 vulnerability
agreement driven by NorESM1-M; (D) 2100 vulnerability agreement driven by MIROC-ESM-CHEM; and (E) 2100
vulnerability agreement driven by CCSM4 for the Ross.
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Figure S4: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 using
RCP8.5 with for basal melt parametrization tunings; (B) initial per-pixel vulnerability agreement across models; and
2100 vulnerability agreement with the (C) Low, (D) Medium, (E) High, and (F) PIGL basal melt parametrization
tunings for the Ross.



Ross: exp05-01 Fracture Toughness Sensitivity
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Figure S5: Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 with fracture
toughness values of 100, 200, 300, and 400 K Pa m'/? under the RCP8.5 forcing with the NorESM1-M climate model
for the Ross shelf.
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Figure S6: Initial and 2100 per-pixel vulnerability agreement across ice sheet models under RCP8.5 with NorESM1-M
postprocessed with fracture toughness values of (A,B) 100, (C,D) 300, and (E,F) 400 K Pa m'/? for the Ross. The
equivalent plots with 200 K Pa m'/? can be found as panels B and C of Fig. S3.
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Figure S7: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by (A)
NorESM1-M with RCP8.5, (B) MIROC-ESM-CHEM with RCP8.5, (C) CCSM4 with RCP8.5, and (D) NorESM1-M
with RCP2.6 for the Ross. Arrows indicate the analyses providing averages for the climate scenario (RCP) and
climate model (AOGCM) analyses. The fracture toughness used is 200 K Pa m'/2.
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Figure S8: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by the
(A) low, (B) medium, (C) high, and (D) PIGL basal melt parametrizations for the Ross. The ice sheet models for
all these experiments were driven by NorESM1-M under RCP8.5 and the fracture toughness used was K Pa m!/2.
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Figure S9: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by
NorESM1-M under RCP8.5 (exp05 and exp01) postprocessed with fracture toughenss values of (A) 100, (B) 200,
(C) 300, and (D) 400 K Pa m'/2.
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S2.2 Filchner-Ronne

Filchner-Ronne: RCP8.5 versus RCP2.6 with NorESM1-M Percentage Vulnerable 2014
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Figure S10: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 under
RCP8.5 and RCP2.6; (B) initial per-pixel vulnerability agreement across models; (C) 2100 vulnerability agreement
under RCP8.5; and (D) 2100 vulnerability agreement under RCP2.6 driven by the NorESM1-M climate model for
the Filchner-Ronne.
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Filchner-Ronne: Climate Model Forcing under RCP8.5
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Figure S11: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 using
RCP8.5 with three climate models; (B) initial per-pixel vulnerability agreement across models; (C) 2100 vulnerability
agreement driven by NorESM1-M; (D) 2100 vulnerability agreement driven by MIROC-ESM-CHEM; and (E) 2100
vulnerability agreement driven by CCSM4 for the Filchner-Ronne.
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Filchner-Ronne: Basal Melt Tuning Sensitivity Percentage Vulnerable 2014
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Figure S12: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 using
RCP8.5 with for basal melt parametrization tunings; (B) initial per-pixel vulnerability agreement across models; and
2100 vulnerability agreement with the (C) Low, (D) Medium, (E) High, and (F) PIGL basal melt parametrization
tunings for the Filchner-Ronne.
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Filchner-Ronne: exp05-01 Fracture Toughness Sensitivity
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Figure S13: Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 with fracture
toughness values of 100, 200, 300, and 400 K Pa m'/? under the RCP8.5 forcing with the NorESM1-M climate model
for the Filchner-Ronne shelf.
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Figure S14: Initial and 2100 per-pixel vulnerability agreement across ice sheet models under RCP8.5 with NorESM1-
M postprocessed with fracture toughness values of (A,B) 100, (C,D) 300, and (E,F) 400 K Pa m'/? for the Filchner-
Ronne. The equivalent plots with 200 K Pa m'/? can be found as panels B and C of Fig. S3.
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Figure S15: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by (A)
NorESM1-M with RCP8.5, (B) MIROC-ESM-CHEM with RCP8.5, (C) CCSM4 with RCP8.5, and (D) NorESM1-M
with RCP2.6 for the Filchner-Ronne. Arrows indicate the analyses providing averages for the climate scenario (RCP)
and climate model (AOGCM) analyses. The fracture toughness used is 200 K Pa m'/2.
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Figure S16: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by the
(A) low, (B) medium, (C) high, and (D) PIGL basal melt parametrizations for the Filchner-Ronne. The ice sheet

models for all these experiments were driven by NorESM1-M under RCP8.5 and the fracture toughness used was
KPa m'/?.
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Figure S17: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by

NorESM1-M under RCP8.5 (exp05 and exp01) postprocessed with fracture toughenss values of (A) 100, (B) 200,
(C) 300, and (D) 400 K Pa m'/2.
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S2.3 Amery
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Figure S18: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 under
RCP8.5 and RCP2.6; (B) initial per-pixel vulnerability agreement across models; (C) 2100 vulnerability agreement
under RCP8.5; and (D) 2100 vulnerability agreement under RCP2.6 driven by the NorESM1-M climate model for
the Amery.
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Amery: Climate Model Forcing under RCP8.5
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Figure S19: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 using
RCP8.5 with three climate models; (B) initial per-pixel vulnerability agreement across models; (C) 2100 vulnerability
agreement driven by NorESM1-M; (D) 2100 vulnerability agreement driven by MIROC-ESM-CHEM; and (E) 2100
vulnerability agreement driven by CCSM4 for the Amery.
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Amery: Basal Melt Tuning Sensitivity Percentage Vulnerable 2014
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Figure S20: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 using
RCP8.5 with for basal melt parametrization tunings; (B) initial per-pixel vulnerability agreement across models; and
2100 vulnerability agreement with the (C) Low, (D) Medium, (E) High, and (F) PIGL basal melt parametrization
tunings for the Amery.
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Amery: exp05-01 Fracture Toughness Sensitivity
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Figure S21: Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 with fracture
toughness values of 100, 200, 300, and 400 K Pa m'/? under the RCP8.5 forcing with the NorESM1-M climate model
for the Amery shelf.
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Figure S22: Initial and 2100 per-pixel vulnerability agreement across ice sheet models under RCP8.5 with NorESM1-
M postprocessed with fracture toughness values of (A,B) 100, (C,D) 300, and (E,F) 400 K Pa m'/? for the Amery.
The equivalent plots with 200 K Pa m'/? can be found as panels B and C of Fig. S3.
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Figure S23: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by (A)
NorESM1-M with RCP8.5, (B) MIROC-ESM-CHEM with RCP8.5, (C) CCSM4 with RCP8.5, and (D) NorESM1-M
with RCP2.6 for the Amery. Arrows indicate the analyses providing averages for the climate scenario (RCP) and
climate model (AOGCM) analyses. The fracture toughness used is 200 K Pa m'/2.
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Figure S24: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by the
(A) low, (B) medium, (C) high, and (D) PIGL basal melt parametrizations for the Amery. The ice sheet models for
all these experiments were driven by NorESM1-M under RCP8.5 and the fracture toughness used was K Pa m!/2.
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Figure S25: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by
NorESM1-M under RCP8.5 (exp05 and exp01) postprocessed with fracture toughenss values of (A) 100, (B) 200,

(C) 300, and (D) 400 K Pa m'/2.
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S2.4 Larsen C
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Figure S26: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 under
RCP8.5 and RCP2.6; (B) initial per-pixel vulnerability agreement across models; (C) 2100 vulnerability agreement
under RCP8.5; and (D) 2100 vulnerability agreement under RCP2.6 driven by the NorESM1-M climate model for
the Larsen C.
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Larsen C: Climate Model Forcing under RCP8.5
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Figure S27: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 using
RCP8.5 with three climate models; (B) initial per-pixel vulnerability agreement across models; (C) 2100 vulnerability
agreement driven by NorESM1-M; (D) 2100 vulnerability agreement driven by MIROC-ESM-CHEM; and (E) 2100
vulnerability agreement driven by CCSM4 for the Larsen C.
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Larsen C: Basal Melt Tuning Sensitivity Percentage Vulnerable 2014
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Figure S28: (A) Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 using
RCP8.5 with for basal melt parametrization tunings; (B) initial per-pixel vulnerability agreement across models; and
2100 vulnerability agreement with the (C) Low, (D) Medium, (E) High, and (F) PIGL basal melt parametrization
tunings for the Larsen C.
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LarsenC: exp05-01 Fracture Toughness Sensitivity
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Figure S29: Average shelf vulnerability fraction across ice sheet models in 2014, 2050, 2075, and 2100 with fracture
toughness values of 100, 200, 300, and 400 K Pa m'/? under the RCP8.5 forcing with the NorESM1-M climate model
for the Larsen C shelf.
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Figure S30: Initial and 2100 per-pixel vulnerability agreement across ice sheet models under RCP8.5 with NorESM1-
M postprocessed with fracture toughness values of (A,B) 100, (C,D) 300, and (E,F) 400 K Pa m'/? for the Larsen
C. The equivalent plots with 200 K Pa m'/? can be found as panels B and C of Fig. S3.
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Figure S31: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by (A)
NorESM1-M with RCP8.5, (B) MIROC-ESM-CHEM with RCP8.5, (C) CCSM4 with RCP8.5, and (D) NorESM1-M
with RCP2.6 for the Larsen C. Arrows indicate the analyses providing averages for the climate scenario (RCP) and
climate model (AOGCM) analyses. The fracture toughness used is 200 K Pa m'/2.
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Exp 13: PIGL Melt
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Figure S32: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by the
(A) low, (B) medium, (C) high, and (D) PIGL basal melt parametrizations for the Larsen C. The ice sheet models
for all these experiments were driven by NorESM1-M under RCP8.5 and the fracture toughness used was K Pa m'/2.
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o | A K,c=100KPa m'2 (Exp05/exp01: RCP8.5, NorESM1-M)
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Figure S33: Vulnerable and safe ice shelf areas in each ice sheet model in 2014, 2050, 2075, and 2100 driven by
NorESM1-M under RCP8.5 (exp05 and exp01) postprocessed with fracture toughenss values of (A) 100, (B) 200,
(C) 300, and (D) 400 K Pa m'/2.
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