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Abstract. We present a description of the Antarctic Ice Sheet model configuration submitted to the ISMIP6-Antarctica-2300

experiment using the MPAS-Albany Land Ice model, along with three new sets of simulations: (1) a set of extended simulations

to 2500 for three forced experiments and to 2775 for the control experiment; (2) a sensitivity analysis of our model configuration

to parameters controlling basal sliding and sub-shelf melt, and to model structural choices including the choice of the energy

and stress balances; and (3) a 72-member ensemble run on graphics processing units (GPUs) and analysis of variance to5

determine the primary sources of uncertainty in our ice-sheet model projections. Our extended simulations predict rapid retreat

beginning after 2300 for SSP1-2.6 forcing and after 2500 for present-day (control) forcing, primarily in the Amundsen Sea

Embayment. We find that varying the sub-shelf melt parameter between the 5th to 95th percentile values for a mean-Antarctic

calibration target results in an up to ~±40% change in sea-level contribution relative to our baseline simulations that used the

median value. Using a linear basal sliding law reduces sea-level contribution by 51–73% relative to our baseline nonlinear10

sliding law with an exponent of 1/5. When using basal sliding law exponents of 1/3 and 1/10, the overall difference from

our baseline simulations at 2300 is on the order of 10%. The Amundsen Sea Embayment region displays a strongly non-linear

dependence of mass loss on the sliding law exponent, with no discernible relationship between the sliding law exponent and

the mass loss by 2300, while the sectors feeding the Ross and Filchner-Ronne ice shelves exhibit more mass loss with a more-

plastic sliding law. Our model fidelity sensitivity experiments reveal a 9–31% increase in sea-level contribution when using a15

depth-integrated stress balance approximation relative to our three-dimensional solver, while using a fixed-in-time temperature

field increases sea-level contribution by 14–88% relative to two thermomechanically coupled configurations. Our 72-member

ensemble and analysis of variance show that the uncertainty in long-term projections is dominated by the choice of Earth

system model forcing and the presence or absence of hydrofracture forcing, rather than uncertainty in sliding and sub-shelf

melt parameters.20
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1 Introduction

The Antarctic Ice Sheet (AIS) contributed 14 ± 2 mm to global mean sea level between 1979 and 2017 (Rignot et al., 2019).

Mass loss has been dominated by the Amundsen and Bellingshausen sea sectors, where incursions of warm and salty circum-

polar deep water have driven increased ice-shelf melting, leading to dynamic thinning and increased discharge to the oceans

(Shepherd et al., 2004; Pritchard et al., 2009; Jenkins et al., 2016; Smith et al., 2020). For glaciers with inland-deepening25

bed topography, the increase in melting raises the possibility of a positive feedback between ice discharge and grounding-line

retreat, known as the Marine Ice Sheet Instability (MISI; Weertman, 1974; Schoof, 2007). MISI-style retreat may already

be underway in the Amundsen Sea Embayment (ASE) and in particular at Thwaites and Pine Island glaciers (Joughin et al.,

2014; Rignot et al., 2014; Favier et al., 2014). Onset of potentially unstable grounding-line retreat leads to multiple meters of

sea-level rise in the coming centuries in some model simulations (e.g., Seroussi et al., 2024). Moreover, if the large Ross and30

Filchner-Ronne ice shelves experience a predicted switch from cold to warm ice-shelf cavity conditions, grounding-line retreat

in some areas may be irreversible, even if the melt rates are reduced to cold-cavity levels (Hill et al., 2024). Thus, the AIS

could dramatically retreat in the coming centuries, with little chance of re-advance in the absence of extreme ocean cooling.

However, ice sheet models disagree widely on the future behavior of the AIS for a given forcing scenario, leaving the AIS as

the largest source of uncertainty in sea-level projections (Edwards et al., 2021). Seroussi et al. (2020), Edwards et al. (2021),35

and Payne et al. (2021) found that the sign of the overall sea-level contribution from the AIS by 2100 was uncertain, but

Seroussi et al. (2020) noted that strong ocean warming in their scenarios, taken from CMIP5 simulations, only began in the

last few decades of the 21st century. Therefore, the follow-on ISMIP6-Antarctica-2300 study (Seroussi et al., 2024) used a

set of simulations from CMIP5 and CMIP6 models that were run out to 2300, as well as a number of constructed "repeat"

forcings in which ocean and atmospheric conditions were sampled from the final decades of the 21st century to preserve40

natural variability in the forcing. The ISMIP6-Antarctica-2300 ensemble predicts a multi-meter range of possible sea-level

contributions by 2300 for the high-emissions scenarios, with some ice-sheet models predicting nearly complete collapse of the

West Antarctic Ice Sheet (WAIS) by 2300, and others predicting only modest retreat or slight mass gain. Even when using the

same model codebase, the choices made by different modeling groups contributing to ISMIP6 lead to fundamentally different

ice-sheet responses to forcing. It is perhaps not surprising, therefore, that Seroussi et al. (2024) found through a formal analysis45

of variance (ANOVA) that the choice of ice sheet model was the dominant source of uncertainty in projections of sea level

by 2300. However, they were unable to determine the exact source (e.g., stress balance approximation, parameter values,

numerical schemes, model resolution, initialization procedure, etc.) of this uncertainty, leaving an open question regarding the

best approach to reducing uncertainty in model projections of sea-level change from Antarctica.

The sources of uncertainty in ice-sheet projections of sea-level change are myriad, and are rarely fully explored or quantified50

in modeling studies. While the emissions scenario — e.g., choice of Representative Concentration Pathway (RCP) or Shared

Socioeconomic Pathway (SSP) — is certainly highly uncertain, many sources of uncertainty stem from choices and limitations

in the ice-sheet models themselves. These can largely be separated into parametric, structural, and initial condition uncertainty.

Structural uncertainty can be further subdivided into sources from model scope (i.e., which processes are represented), model
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form (i.e., which equations are used to represent these processes and how they are solved) and model fidelity (i.e., how well55

the choices represent the true physics). Initial condition uncertainty stems from the many different choices of input datasets,

boundary conditions, calibration targets, and initialization procedures used by the various groups whose results are reported

by Seroussi et al. (2024). By leaving almost all modeling choices aside from forcing scenarios up to the individual modeling

groups, the ISMIP6-Antarctica-2300 experiment sampled parametric, structural, and initial condition uncertainty extremely

widely, but also simultaneously and not systematically. Furthermore, as in the previous iteration of ISMIP6 (Seroussi et al.,60

2020), the analysis gave equal weight to all submissions regardless of their skill in reproducing historical ice-sheet behavior

(Aschwanden et al., 2021), although historical accuracy was not a prerequisite for participating. Therefore, interpretation of

the ISMIP6-Antarctica-2300 results in terms of individual sources of ice-sheet model uncertainty is quite difficult.

Efforts by individual modeling groups to understand the sources of uncertainty in their own simulations through sensitivity

analysis represent a first step towards reconciling estimates of future Antarctic sea-level contribution. Previous studies using65

models that participated in ISMIP6 have found strong sensitivity to initialization procedures (van den Akker et al., 2025),

treatment of sub-shelf melting (Lipscomb et al., 2021; O’Neill et al., 2025; Juarez-Martinez et al., 2024; Coulon et al., 2025),

basal physics (Lipscomb et al., 2021; Zhao et al., 2025), and feedbacks between the ice sheet and the solid Earth (Han et al.,

2025). Taken together, these previous studies highlight the importance of understanding the sensitivity of individual models

to specific modeling choices, and they identify basal friction and sub-shelf melting as potentially two of the most impactful70

processes to examine.

Figure 1. (a) Observed 1996–2016 composite surface velocities (Rignot et al., 2017). (b) MALI initial condition with a nominal date of 2000,

following optimization to match observed 1996–2016 mean velocities in (a) and a ten-year relaxation simulation. (c) Difference between

modeled and observed velocities. Colored contours represent the regions that we analyze throughout this study: purple — Amundsen Sea

Embayment (ASE); cyan — Filchner-Ronne Ice Shelf (FRIS); green — Ross; brown — Amery. The grounding line is represented by white

curves in all panels.
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In the spirit of better understanding the individual ice-sheet models that contributed to ISMIP6-Antarctica-2300, we explore

the sensitivities of the MPAS-Albany Land Ice (MALI; Hoffman et al., 2018) AIS configuration to parameters controlling

basal friction and sub-shelf melt. We additionally explore the sensitivity to two structural modeling choices that are widely

sampled in the ISMIP6-Antarctica-2300 ensemble: the choice of stress-balance approximation and the treatment of the energy75

balance. Our simulations submitted to ISMIP6-Antarctica-2300 were the only ones to use a three-dimensional higher-order

stress-balance solver, but we have recently implemented a Mono-Layer Higher-Order (MOLHO) solver that is more similar

to the other higher-order solvers used in ISMIP6. The models participating in ISMIP6 use a wide range of thermal solvers,

ranging from a spatially and temporally uniform temperature field to thermomechanically coupled enthalpy formulations, and

thus differences in choices of energy balance solver could have a large impact on the spread of sea-level predictions in the80

ISMIP6 ensembles.

We begin with an overview of the MALI configuration that was used in ISMIP6-Antarctica-2300, followed by an investi-

gation of the sources of uncertainty in the model configuration. We describe the MALI results of the ISMIP6-Antarctica-2300

experiments in more detail than was possible in Seroussi et al. (2024). We then select a subset of ISMIP6-Antarctica-2300

experiments to extend out to at least 2500 to explore further evolution of the ice sheet under a wide range of continued forc-85

ing. We follow this with a set of one-at-a-time sensitivity experiments that explore choices of parameter values controlling

ice-shelf melting and basal sliding as well as choices of model fidelity controlling thermomechanical coupling and stress bal-

ance approximation. Finally, we use the understanding gained from the sensitivity experiments to construct a large ensemble

of 72 simulations that explore combinations of parameter choices and forcing choices (i.e., Earth system model and ice-shelf

hydrofracture) and perform an ANOVA to understand the sources of uncertainty in our single ice-sheet model. While our in-90

vestigation excludes many possible sources of uncertainty in our model (e.g., subglacial hydrology, iceberg calving, evolving

fabric, and glacial isostatic adjustment), we focus on processes that we expect to have a substantial impact on projections while

also being feasible to explore in our model framework.

2 Model description, configuration, and experiments

2.1 The MPAS-Albany Land Ice model95

MALI is a three-dimensional, higher-order, thermomechanically coupled numerical ice sheet model developed for Earth system

modeling applications (Hoffman et al., 2018). It employs a dual mesh approach, in which a finite element code solves for ice ve-

locity on a Delaunay triangulation mesh within the Albany multi-physics analysis package, while advection and other physics

(e.g. submarine melting) are applied on the dual Voronoi tesselation. MALI typically uses the Blatter-Pattyn stress balance

approximation (Blatter, 1995; Pattyn, 2003), which is a three-dimensional, first-order approximation of the Stokes equations.100

A Mono-Layer Higher-order (MOLHO) stress balance approximation has recently been added and is described in Appendix

A. We use Nye’s generalization of Glen’s flow law for the constitutive relationship (Glen, 1955; Nye, 1957), with the tem-

perature dependence of the flow parameter determined following Paterson and Budd (1982). Temperature- and enthalpy-based

solvers are available for thermal evolution. The enthalpy-based solver differs from the temperature-based solver by additionally
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accounting for liquid water content of ice at the pressure-melting point. By default, thickness and tracers are advected by a105

first-order upwind scheme and we use first-order forward Euler time stepping. Second-, third-, and fourth-order flux-corrected

transport schemes (Skamarock and Gassmann, 2011) and second- and third-order Strong Stability-Preserving Runge Kutta

schemes (Durran, 2010) have also recently been added, but were not used in this study. We use adaptive time-stepping with a

maximum time-step length determined by a user-defined fraction of the Courant-Friedrichs-Lewy (CFL) condition (Courant

et al., 1928). We recently incorporated coupling to a sea-level model (Han et al., 2025), but these changes were not included110

here and thus the bed topography is held fixed in time for all simulations in this study.

2.2 Model initialization

We use a two-dimensional, 4–20km variable resolution mesh, containing 385379 cells and 5 terrain-following vertical layers

with constant but nonuniform thickness fraction (i.e., a “sigma” vertical coordinate system). Cell spacing is determined both

by observed surface velocity and by distance to the grounding line. The distance-based cell spacing linearly decreases from 4115

km within 40 km of the grounding line to 20 km at a distance of �250 km from the grounding line. The velocity-based cell

spacing is a linear function of log10(uobs), where uobs is the observed surface velocity in meters per year, with 4 km spacing for

log10(uobs) � 2.5 and 20 km spacing for log10(uobs)  0.5. The minimum of these two cell spacing functions at each location

is then assigned as the final cell spacing for the mesh. This cell spacing function ensures high resolution over the modern

grounding line, ice streams, narrow outlet glaciers, ice shelves, and pinning points of sufficient size, while allowing for lower120

resolution in the modern-day slow-flowing ice-sheet interior regions to keep computational costs affordable. As MALI lacks

an adaptive mesh refinement capability, this cell spacing is held fixed in time. In simulations predicting major grounding-line

retreat in West Antarctica, the grounding line will eventually retreat into lower-resolution regions, leading to less accurate

solutions later in the simulations. We discuss this limitation further in Section 4.5.

Our model initial condition is shown in Figure 1. We use the adjoint optimization method constrained by partial differential125

equations described by Perego et al. (2014) and Hoffman et al. (2018) to simultaneously solve for basal traction and ice

stiffness fields that minimize the misfit between the observed and modeled surface velocities while imposing regularization on

the sliding coefficient. We use an ice temperature solution from a previous optimization on an 8–30 km mesh, which was then

interpolated to our 4–20 km mesh and used as an input to the optimization for the basal traction and ice stiffness fields. The

following data sources are used for the optimization:130

– observed surface velocities: MEaSUREs 1996–2016 composite InSAR-Based Antarctica Ice Velocity Map, Version 2,

450 m resolution (Rignot et al., 2011; Mouginot et al., 2012; Rignot et al., 2017), interpolated to MALI mesh using

conservative remapping

– bed topography and ice thickness: BedMachine Antarctica v2 (Morlighem et al., 2020), interpolated to MALI mesh

using conservative remapping135

– geothermal flux: Martos et al. (2017), interpolated to MALI mesh using barycentric interpolation.
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– surface air temperature: Lenaerts et al. (2012), 1979–2010 mean, interpolated to MALI mesh using barycentric interpo-

lation.

Figure 2. (a) Total and (b) regional change (see Fig. 1c for region definitions) in grounded AIS ice mass from four historical simulations

with different values of the sliding law exponent. We used q = 1/5 in our baseline simulations (solid lines), as it provided the best trade-off

between whole-AIS and regional mass change. Shaded areas represent 2� range of observations from Rignot et al. (2019). (c) The MALI

baseline ISMIP6 historical run (q = 1/5) in the context of the other ISMIP6 historical runs and the sea-level contribution estimate of Otosaka

et al. (2023) with 2� uncertainties.

At the basal boundary, we use a power-law sliding relationship of the form ⌧b = C|ub|q�1ub (Weertman, 1957), where ⌧b is

the basal shear stress, C is the sliding coefficient solved, ub is the basal sliding velocity, and q is a scalar plasticity parameter140

usually defined as q = 1/m, where m is a positive integer. For the optimization, we use the common assumption of q = 1/3

(Weertman, 1957). However, the correct value of q cannot be determined from a single-time optimization (e.g., Shapero et al.,

2016; Joughin et al., 2019) and requires calibration in transient simulations (e.g., Gillet-Chaulet et al., 2016; Hillebrand et al.,

2022; Jantre et al., 2024). We chose a small number of q values, recalculated the friction coefficient field C for each choice,

and evaluated their behavior in transient simulations over the historical period as we describe in Section 2.3.1.145

A number of further modifications were also necessary in order for the historical run to satisfactorily reproduce observed

changes. Our initial model simulations exhibited spurious advance at many outlet glaciers and ice streams. Inspection revealed

that many troughs artificially terminate at the grounding line and there are discontinuities and/or artificially smooth bathymetry

beneath many ice shelves where observations are extremely sparse. We dealt with this in two ways. Because the fastest advance

occurred in areas of likely inaccurate, overly shallow bathymetry within basal troughs, we excavated these troughs in the bed150

topography data set and found that this prevented strong grounding-line advance. We also lowered the seafloor everywhere

except the Amundsen Sea Embayment (ASE) by 20 m, which greatly reduced spurious grounding-line advance; twenty meters

is well within the reported uncertainty in the seafloor bathymetry in BedMachine v2 (Morlighem et al., 2020). Our 4km mesh

also smooths out the bed topography enough to remove the pinning point beneath the ice shelf of Thwaites Glacier, which
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could be dynamically important (Wild et al., 2022). We raised the bed topography beneath the location of the observed pinning155

point to reinstate this feature so that ice was 40 m thicker than the flotation thickness. We additionally raised the bed at Lake

Vostok to bring it in contact with the ice. All changes we made to the bed topography are shown in Figure B1. Additionally, we

set the basal friction coefficient, C, on the seafloor to a low value in order to reduce the positive feedback between grounded

ice advance and reduction of grounding-line flux. For each of the sixteen sectors (which we define following Jourdain et al.

(2020) and Rignot et al. (2019), but with a single sector for each the Ross and Filchner-Ronne ice shelves as shown in Fig.160

1c), we set C on the seafloor to a uniform value, defined as the 5th percentile of C under the grounded ice flowing >100 m

a-1 in that sector, in keeping with very low basal friction values in these areas required to match constraints on paleoclimate

timescales (e.g., Pollard et al., 2016).

In the ASE, our optimized initial condition led to stronger-than-observed retreat of Thwaites Glacier for the nominal start

date of the year 2000, which caused rapid MISI-style collapse of the WAIS even in the control simulation. We found that using165

Bedmap2 ice surface elevations (Fretwell et al., 2013) to define ice thickness in the ASE alleviated this problem and allowed

for mass loss from the ASE that falls within the range of observations from Rignot et al. (2019) for the historical period (Fig.

2). The Bedmap2 data represent a late 1990s to early 2000s composite ice geometry, and are thus more representative for our c.

2000 initial condition despite their lower accuracy and sparser coverage. As MISI could already be underway in the ASE (e.g.,

Joughin et al., 2014), the c. 2015 ice geometry from BedMachine v2 may already contain a signal of MISI-style retreat in the170

grounding-line position and/or thickness field that is not present in the Bedmap2 data, and uncertainty in both the model and

the forcing could exacerbate this issue. Outside the ASE, recent changes are small enough that the c. 2015 BedMachine v2 ice

thickness data set does not cause obvious problems. We accept the inconsistency between nominal time stamps in the interest

of denser data coverage over the rest of the ice sheet.

After the above changes, we integrated the model forward for ten years using the static historical forcing to allow the ice175

geometry to relax. In this relaxation run, melt rates in the ASE were set to zero to prevent the Thwaites Glacier grounding line

from retreating. The relaxed state is considered our initial condition for the historical simulations, corresponding to the year

2000 (Fig 1).

2.3 Experimental design

2.3.1 ISMIP6 Antarctica 2300 baseline configuration180

We treat the model configuration submitted to the ISMIP6-Antarctica-2300 ensemble (Seroussi et al., 2024) as our baseline

configuration (called DOE MALI 4km in Seroussi et al. 2024). Our baseline configuration includes a fixed calving front,

meaning that any ice advected beyond the initial (c. 2000) calving front is immediately calved away, but the calving front may

retreat from its initial position due to surface or basal melt, or due to imposed hydrofracture in some experiments. Submarine

melting is treated in two ways. We employ the ISMIP6 MeanAnt median non-local quadratic melt parameterization for melt185

below ice shelves (Jourdain et al., 2020), and the melt undercutting parameterization of Rignot et al. (2016) for melting of

grounded marine termini, which comprise roughly 38% of the coastline of Antarctica (Drewry et al., 1982). In our historical
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simulation, melting at grounded marine termini accounts for about 6% of the total submarine melt flux. For the sub-shelf melt

parameterization, given the prescribed MeanAnt melt sensitivity parameter (�0), we tuned the �T parameter for each sector to fit

the overall ice-shelf melt flux from Rignot et al. (2013) when using thermal forcing from the observationally-based 1995–2017190

ocean climatology provided by ISMIP6. We chose to define basins that incorporate the entire catchments of the Filchner-Ronne

and Ross ice shelves to avoid sharp transitions in our tuned �T values along an arbitrary boundary within the ice shelves. We

note that these two sectors thus include portions of both East and West Antarctica, and an analysis that used smaller basins could

provide different insights. Our calculated �T values are shown in Figure B2, along with the reported values from (Jourdain

et al., 2020) for comparison. For the undercutting parameterization, we assume subglacial discharge is zero — an unrealistic195

but conservative assumption justified by a lack of additional constraints — and we linearly interpolate the three dimensional

thermal forcing fields provided by ISMIP6 to define the thermal forcing at the seafloor. For basal sliding, we recalculated C

from the optimization to that for a more-plastic rheology using q = 1/5 (as described by Hillebrand et al. (2022)) as we found

this resulted in the best trade-off between total and regional grounded mass change during historical simulations (Fig. 2); other

values overestimated mass loss from the ASE. The results that were submitted to ISMIP6-Antarctica-2300 (Seroussi et al.,200

2024) using this configuration are presented in Section 3.1. For ease of reading, we have adopted a naming convention for

forcings that is more descriptive than the ISMIP6 experiment names (e.g., CCSM4-RCP8.5-2300 rather than expAE02); see

Appendix B for equivalent ISMIP6 experiment names.

2.3.2 Extended simulations

As none of the simulations submitted to ISMIP6 had reached a steady state by 2300, we selected a subset of the baseline205

experiments (low emissions, high emissions with and without hydrofracture) to extend to 2500, and we extended the control

simulation to the year 2775. We extended the control simulation out further to determine whether the present-day forcing is

sufficient to cause substantial ice-sheet retreat in our configuration, which has been found by other studies using different ice

sheet models and initialization and calibration procedures (Coulon et al., 2024; van den Akker et al., 2025). We used a threshold

of 1 m sea-level contribution threshold to determine the length of the extended control simulation. We chose CCSM4-RCP8.5-210

2300 as the high-emissions scenario because of the large ice-sheet mass and area remaining at 2300 in our baseline simulations,

which would allow for substantial change beyond 2300 (Fig. 3, 4). We chose UKESM-SSP1-2.6-2300 because it is the only

available low-emissions scenario run out to 2300. We extended the forcing to 2500 by randomly sampling forcing from the

years 2280–2300, similar to the approach used by ISMIP6-Antarctica-2300 to extend the 21st century forcing out to 2300 in

the "repeat" experiments.215

2.3.3 Parameter sensitivity experiments

The parameter sensitivity experiments were conducted using control, CCSM4-RCP8.5-2300, and HadGEM2-RCP8.5-2300

forcing, corresponding to ctrlAE, expAE02, and expAE03, respectively, in Seroussi et al. (2024)). We chose the CCSM4 and

HadGEM2 forcings because they were our low- and high-end mass loss high greenhouse gas emissions scenarios (RCP8.5/SSP5-

8.5) in the baseline ensemble (Fig. 3). Running the experiments with the control forcing allows for separation of the forced220
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Sensitivity experiment Parameter values or solver settings Relevant figures

Sub-shelf melt parameter, �0 9620;14500;21000 m a�1 7, 8

Sliding law exponent, q 1,1/3,1/5,1/10 2, 9, 10

Energy balance temperature, enthalpy, constant 11, 12, 13

Stress balance Blatter-Pattyn, MOLHO 14, 15
Table 1. Summary of sensitivity experiments described in Sections 2.3.3 and 2.3.4. Bold-face text indicates the baseline value or setting. All

sensitivity experiments used CCSM4-RCP8.5-2300 and HadGEM2-RCP8.5-2300 forcing.

from the unforced response to our modeling choices. However, as ISMIP6-Antarctica-2300 did not subtract control simulation

drift from forced projections, the results we present here are also not drift-corrected. The experiments are summarized in Table

1.

Sub-shelf melt sensitivity: We ran two sets of simulations with varying sensitivity of ice-shelf melt to ocean thermal forcing

to determine the likely range of behavior due to uncertainties in ice-shelf melt. We used the 5th and 95th percentile values of225

the melt parameter �0 reported by Jourdain et al. (2020) for the non-local MeanAnt parameterization (9620 m a�1 and 21000

m a�1, respectively; our baseline ensemble uses the median value of 14500 m a�1), which we take to be a comprehensive

range of values for this parameterization. For each value of �0, we recalculate the �T field to match observed melt rates from

Rignot et al. (2013) for c. 2003–2008 as in our baseline ensemble.

Sliding law exponent: We varied the sliding law exponent within a wide range from our baseline value of q = 1/5 to de-230

termine the impact of a linear viscous (q = 1), a “hard” (Weertman, 1957) (q = 1/3), and a nearly-plastic (q = 1/10) bed

rheology on projected mass loss. We take this to represent a comprehensive range of this parameter, since q > 1 is unphysical

and q = 1/10 is among the smallest values used in the literature and should behave similarly to smaller values (Gillet-Chaulet

et al., 2016) and to a regularized Coulomb law for a given effective pressure (Joughin et al., 2019). We recalculated the basal

friction coefficient field from the optimization for each of these choices of exponents as in our baseline ensemble. We acknowl-235

edge that bed properties vary widely beneath the real ice sheet, and that there is likely no one-size-fits-all sliding law.

2.3.4 Model fidelity sensitivity experiments

The model fidelity experiments were also conducted using the control, CCSM4-RCP8.5-2300, and HadGEM2-RCP8.5-2300

forcing scenarios. The experiments are summarized in Table 1.

Energy balance: We examined the sensitivity of our results to thermomechanical coupling by comparing our baseline con-240

figuration with a temperature-based thermal solver to simulations using an enthalpy formulation (Aschwanden et al., 2012;

Hoffman et al., 2018), and another set of simulations in which the temperature field from the end of the ten-year relaxation run

is held fixed throughout the entire simulation.

Stress balance approximation: We examined the sensitivity of the results to the choice of approximation to the Stokes

equations by performing a set of simulations using a MOLHO formulation (e.g., Brinkerhoff and Johnson, 2015; Dias dos245
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Parameter Values

Earth System Model CCSM4, HadGEM2, CESM2, UKESM

�0 (m a�1) 9620; 14500; 21000

q 1
3 ,

1
5 ,

1
10

hydrofracture off, on
Table 2. Parameters and values used in the ensemble described in Section 2.3.5. We construct a 72-member ensemble using full-factorial

sampling of the given parameter values.

Santos et al., 2022), which is substantially less computationally expensive than the Blatter-Pattyn solver. We use the same

basal friction coefficient field for the MOLHO simulations as in the Blatter-Pattyn simulations.

2.3.5 Ensemble and analysis of variance

We next construct a 72-member ensemble of MALI simulations to determine the likely range of sea-level contribution from

the AIS under a high-emission scenario given parameter and Earth system model uncertainty. We use full-factorial sampling250

of the parameters listed in Table 2. Unlike in the sensitivity tests, we use all four RCP8.5 and SSP5-8.5 forcings provided

by ISMIP6-Antarctica-2300 (CCSM4-RCP8.5-2300, CESM2-SSP5-8.5-2300, HadGEM2-RCP8.5-2300, and UKESM-SSP5-

8.5-2300), and we include both cases with and without hydrofracture for each Earth system model (ESM). As above, we use

the 5th, 50th, and 95th percentile values of the sub-shelf melt parameter, �0. We omit the linear basal friction law (q = 1) due

to its poor performance in historical simulations and large impact on projections, but we include values of 1/3, 1/5, and 1/10.255

Due to considerations of computational cost, we use only the MOLHO formulation of the stress balance approximation, and

we use only the temperature formulation of the energy balance. Each simulation was run on 8 GPUs and 8 CPU cores on the

Perlmutter supercomputer at the National Energy Research Scientific Computing Center. For details of GPU performance and

configuration with MALI, see Watkins et al. (2023).

We use this 72-member ensemble for an analysis of variance (ANOVA) to estimate the relative importance of the sources260

of uncertainty in our projections. ANOVA is a statistical method that compares variance within groups and between groups

to detect differences in group means and attribute variance to different sources (Girden, 1992; von Storch and Zwiers, 1999).

For ANOVA results to be valid, the samples should be independent, the data in each group should be approximately normally

distributed, and the variance within each group should be approximately equal. We perform the ANOVA analysis with the

statsmodel v0.14.4 python package (Seabold and Perktold, 2023), using Type II ANOVA.265

The ANOVA method allows us to quantify the variance in our ensemble due to each individual parameter (ESM, �0, q, and

hydrofracture), as well as the multi-way interactions between these terms. Unlike in the previous ISMIP6 studies that perform

ANOVA on a multi-model ensemble (Seroussi et al., 2023, 2024) and thus combine all ice-sheet model related variance into a

single term, we are able to determine the contributions of two individual parameters (�0 and q) to the total ensemble variance

and rank the importance of these parameter choices relative to the choice of ESM forcing and hydrofracture setting.270
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Figure 3. Results of the baseline ensemble submitted to ISMIP6-Antarctica-2300. (a) Tier 1 experiments, including control run in black.

(b) Tier 2 experiments, with one extended SSP1-2.6 simulation and three repeat RCP8.5/SSP5-8.5 simulations. (c) Tier 2 experiments, with

prescribed ice-shelf collapse based on liquid water on ice-shelf surfaces. We have adopted a more descriptive naming scheme than used by

Seroussi et al. (2024); the equivalent experiment names from that study can be found in Fig. 4 and Table B1.

3 Results

3.1 ISMIP6 Antarctica 2300 baseline results

Figure 3 shows the change in mass above flotation and equivalent sea-level contribution from all experiments in our baseline

ensemble, and maps of ice thickness change from 2000 to 2300 are shown in Figure 4. Our control simulation, which used mean

1995–2017 surface mass balance and ocean thermal forcing, results in ~40 mm sea-level equivalent (SLE) mass gain by 2300,275

while the inter-model spread in the ISMIP6 control runs range from 200 mm SLE mass loss to >400 mm SLE mass gain. Our

model drift is small compared with most of the forced simulations in our baseline ensemble, so we do not subtract the control

run drift from the forced experiments. The Tier 1 experiments forced by extended RCP8.5/SSP5-8.5 simulations (Fig. 3a, 4c–f)

predict between ~0.8 and ~2.8 m sea-level contribution by 2300, with the vast majority of mass loss occurring after 2100. All

four of these simulations predict substantial grounding-line retreat at Thwaites Glacier (Fig 4c–f), although with a wide range280

of magnitudes. Grounding-line retreat in the Filchner-Ronne Ice Shelf (FRIS) sector is limited in all four simulations, while

there is substantial retreat in the Ross sector, again with a wide range of magnitudes. The two RCP8.5 CMIP5 experiments

bound the range of overall mass loss from these experiments, with CCSM4-RCP8.5-2300 forcing giving the lower bound and

HadGEM2-RCP8.5-2300 the upper bound on sea-level contribution. Meanwhile, the two SSP5-8.5 CMIP6 experiments yield

very similar results to one another, predicting ~2.2 m sea-level contribution (SLC) by 2300, with some slight variations in285

earlier years. For the RCP2.6/SSP1-2.6 and repeat RCP8.5/SSP5-8.5 forcing scenarios, the mass loss is much lower, with five

of the six simulations predicting <500 mm SLC by 2300, while the HadGEM2-RCP8.5-repeat forcing leads to ~1.2 m SLC.
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Figure 4. Maps of ice thickness change from 2000–2300 from the baseline ensemble submitted to ISMIP6-Antarctica-2300, with grounding

line positions at 2000, 2100, 2200, and 2300. Axis border colors and line styles match the corresponding mass change curves in Fig. 3.

Including ice-shelf collapse via hydrofracture using masks provided with ISMIP6 forcing in the RCP8.5 and SSP5-8.5

forcing scenarios increases sea-level contribution by up to a factor of three, but with substantial differences between the relative
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increase for each ESM. The largest relative difference occurs for the CCSM4-RCP8.5-2300 forcing, increasing predicted sea-290

level contribution from ~0.8 m to ~2.4 m, largely due to enhanced retreat of Thwaites and Pine Island glaciers and the Ross

sector of West Antarctica (Fig. 4l). The smallest relative difference is found for the HadGEM2-RCP8.5-2300 forcing, which

only increases from ~2.8 m to ~3.2 m. For the two SSP5-8.5 CMIP6 forcings, the increase in mass loss due to ice-shelf collapse

is substantial, with SLC increasing from ~2.2 m to ~3.6 m for CESM2-SSP5-8.5-2300 and from ~2.2 m to ~3.9 m for UKESM-

SSP5-8.5-2300. In the UKESM-SSP5-8.5-2300-h scenario, an interior seaway has begun to open between the Amundsen and295

Ross seas by 2300 (Fig. 4o).

The experiments that use relatively weak forcings (i.e., the control historical forcing, repeat forcing, or SSP1-2.6 forcings)

predict modest thinning in the ASE, some limited grounding-line retreat in the Ross and FRIS sectors, and modest thickening

over most of the remainder of the continent (Fig. 4a, b, g–k). These include the control, NorESM1-M-RCP2.6-repeat, UKESM-

SSP5-8.5-repeat, NorESM1-M-RCP8.5-repeat, CESM2-SSP5-8.5-repeat, and UKESM-SSP1-2.6-2300 forcings (experiments300

ctrlAE, expAE01, expAE06, expAE07, expAE09, and expAE10 in Seroussi et al. (2024)). The one exception is HadGEM2-

RCP8.5-repeat (expAE08), which predicts grounding-line retreat in the ASE (Fig. 4i) and leads to ~1.2 m SLC by 2300, which

is within the range of the extended RCP8.5/SSP5-8.5 scenarios. This indicates that late 21st century ocean conditions could

be sufficiently warm to lead to extensive collapse of Thwaites Glacier within a few centuries under a high emissions scenario.

While our model fit to observations is among the best of the multi-model ISMIP6-Antarctica-2300 ensemble when quantified305

by ice thickness and velocity root mean square error (Figure 2 in Seroussi et al., 2024) and have a modest bias in historical

mass-change trend (Fig. 2), our SLC predictions fall roughly in the middle of the predicted range at 2300 (Figure 4 in Seroussi

et al., 2024).

3.2 Extended simulations

Results of our extended simulations are shown in Figures 5 and 6. The extended control simulation predicts minor ice-sheet310

growth until ~2400, after which it begins to lose mass (Fig. 5). By 2500, a widespread thinning signal relative to 2000 has

started to become apparent at Thwaites Glacier, the Thwaites grounding line has begun to retreat substantially (Fig. 6a), and

the ice sheet has started to lose mass relative to the c. 2000 initial condition (Fig. 5). By the end of the simulation (2775), the ice

sheet has lost a mass of 1 m SLE. In the UKESM-SSP1-2.6-2300-extended simulation, rapid retreat (hundreds of kilometers

per century) of the ASE grounding line begins after 2300 (Fig. 6c), and the ice sheet has lost ~0.9 m SLE by 2500, an order315

of magnitude greater than its contribution by 2300. In the CCSM4-RCP8.5-2300(-h)-extended simulations, the rapid mass loss

continues at a rate similar to 2300, but begins to level off after ~2425 in the case without hydrofracture and after ~2350 in the

case with hydrofracture, as the WAIS runs out of ice that is vulnerable to ocean forcing (i.e., grounded below sea level). Both

of these simulations predict an interior seaway connecting the ASE, FRIS, and Ross sectors, beginning after 2400 in the case

without hydrofracture, and before 2400 in the case with hydrofracture.320
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Figure 5. Time series of mass change for the four extended simulations.

3.3 Sensitivity to sub-shelf melt

Our simulations with 5th and 95th percentile values of the melt sensitivity parameter, �0, result in ~±40% and ~±13% dif-

ferences from our baseline simulations for the CCSM4-RCP8.5-2300 and HadGEM2-RCP8.5-2300 scenarios, respectively

(Figure 7). When switching to the 5th percentile value of �0, total SLC by 2300 decreases from 0.8 to 0.5 m and from 2.8 to 2.5

m for CCSM4-RCP8.5-2300 and HadGEM2-RCP8.5-2300 forcings, respectively. When using the 95th percentile value of �0,325

total SLC by 2300 increases from 0.8 to 1.1 m and from 2.8 to 3.2 m for CCSM4-RCP8.5-2300 and HadGEM2-RCP8.5-2300

forcings, respectively. The three major basins largely exhibit the same sensitivity to the �0 value. In the control simulations, the

SLC differs from our baseline by < 30 mm (Figure C1). While the proper form of the sub-shelf melt parameterization might be

highly uncertain, the calibrated range of �0 for this single parameterization using the MeanAnt calibration results in a 0.6–0.7

m range of sea-level equivalent mass change. This is modest relative to the multi-meter model-to-model differences for a given330

forcing scenario in ISMIP6-Antarctica-2300 (Seroussi et al., 2024).

Maps of thickness at 2300 relative to the corresponding baseline simulations are shown in Figures 8 and D1. The major

differences in thickness from the baseline scenarios are largely confined to the ASE and Ross sectors. While the sensitivity

test simulations generally only differ quantitatively from the baseline simulations, the 95th percentile value of �0 leads to the

opening of an interior seaway between the Weddell, Ross, and ASE sectors by 2300 when using HadGEM2-RCP8.5-2300335
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Figure 6. Maps of ice thickness change from 2000–2500 from the four extended simulations, with grounding line positions at 100-year

intervals. Axis border colors and line styles match the corresponding mass change curves in Fig. 3.

forcing, while the baseline scenario does not (Fig. 8d). It is possible that this seaway would open in the baseline scenario if it

was run for a longer period.
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γ0 = 9620 m yr-1
γ0 = 14500 m yr-1
γ0 = 21000 m yr-1

Figure 7. (a) Ice mass and sea-level equivalent change for ice-shelf melt sensitivity experiments. Experiments using CCSM4-RCP8.5-2300

and HadGEM2-RCP8.5-2300 forcings are shown in blue and orange, respectively. Line styles denote different values of �0. (b, c) Regional

change for CCSM4-RCP8.5-2300 and HadGEM2-RCP8.5-2300 forcings, respectively. Line colors denote regions shown in Fig. 1; line styles

correspond to the legend in panel (a).

3.4 Sensitivity to sliding law exponent

Our sliding law exponent experiments reveal a complex relationship between sliding, forcing, and SLC (Fig. 9). For the weaker

CCSM4-RCP8.5-2300 forcing, the three smallest exponents (1/10, 1/5, and 1/3) result in very similar SLC (0.78–0.88 m) by340

2300, although there is larger variability between 2100 and 2300. SLC is slightly greater when using q = 1/3 and 1/10 (13%

and 9%, respectively) compared with q = 1/5. Meanwhile, the q = 1 exponent decreases SLC at 2300 by 73%, and results in

net ice-sheet mass gain until around 2200. There is a much larger spread between SLC for all exponent values for the stronger

HadGEM2-RCP8.5-2300 forcing (1.4–3.3 m), with smaller exponents leading to more SLC by 2300, but with some complexity

between 2150 and 2250. The linear sliding law reduces SLC at 2300 by 51%, from ~2.8 to ~1.4 m, relative to our baseline345

value of q = 1/5. In contrast, the hard-bed (q = 1/3) scenario decreases SLC by 13%, and the effectively plastic (q = 1/10)

scenario increases SLC by 14%.

The effect of the sliding law exponent on individual basins varies widely (Fig. 9b,c; Fig. C1b–d). For the FRIS and Ross

basins, a smaller exponent leads to more SLC (or less mass gain) by 2300 in all forcing scenarios. FRIS contributes substantially

to SLC for any value of the exponent in both forcing scenarios, with the exception of CCSM4-RCP8.5-2300 forcing with350

q = 1. The Ross basin contributes <200 mm to SLC for all values of the sliding law exponent under CCSM4-RCP8.5-2300

forcing, with q = 1 resulting in net sea-level fall from that basin. Under HadGEM2-RCP8.5-2300 forcing, Ross and FRIS

basins contribute similarly to net SLC for a given sliding law exponent, with a range of ~200 – 800 mm.

The effect of the sliding law exponent for the ASE region is strongly non-linear in both forced and control scenarios (Fig.

9b, c; Fig C1c). There is no direct relationship between SLC and the value of the exponent for either forcing scenario. Under355

CCSM4-RCP8.5-2300 forcing (Fig. 9c), the effectively plastic bed (q = 1/10) scenario results in the smallest amount of SLC
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Figure 8. Maps of thickness in West Antarctica relative to baseline runs (�0 = 14500 m a�1) at 2300 for low melt sensitivity (�0 = 9620 m

a�1) (a, c) and high melt sensitivity (�0 = 21000 m a�1) (b, d) experiments. Grounding lines from the sensitivity experiments are shown by

colored curves at 2000, 2100, 2200, and 2300, while the grounding lines at 2300 from baseline simulations are shown in black. Results for

the whole AIS are shown in Fig. D1.
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q = 1
q = 1/3
q = 1/5
q = 1/10

Figure 9. (a) Ice mass and sea-level equivalent change for sliding law exponent sensitivity experiments. Experiments using CCSM4-RCP8.5-

2300 and HadGEM2-RCP8.5-2300 forcings are shown in blue and orange, respectively. Line styles denote different values of q. (b, c)

Regional change for CCSM4-RCP8.5-2300 and HadGEM2-RCP8.5-2300 forcings, respectively. Line colors denote regions shown in Fig. 1;

line styles correspond to the legend in panel (a).

by 2300 (~250 mm), while the hard-bed (q = 1/3) scenario yields the most SLC (~750 mm). The linear (q = 1) and semi-

plastic (q = 1/5) bed scenarios result in the same amount of SLC (~500 mm) at 2300, though with substantial differences from

2150–2300. During this interval, the q = 1 simulation predicts more mass loss than the q = 1/5 simulation. Under HadGEM2-

RCP8.5-2300 forcing (Fig. 9c), all three values  1/3 yield almost the same SLC from the ASE at 2300 (~1050 mm) as the360

sector begins to run out of ice grounded below sea level, while the linear (q = 1) bed yields ~750 mm. In the simulations

with control forcing, the ordering of sensitivity differs from the forced experiments, with q = 1 yielding ~350 mm SLC from

the ASE by 2300, followed by q = 1/3 (~245 mm), q = 1/10 (~150 mm), and q = 1/5 (~115 mm). Overall, the sliding law

exponent seems to dictate both the timing of the onset and the duration of rapid retreat, but in a way that is not predictable

by the value of the exponent alone and is likely controlled by the interaction of the ice with complex bed topography and the365

spatial pattern of the forcing.

The strongly non-linear behavior with respect to the sliding law exponent is borne out in the spatial patterns of grounding

line position and thickness differences relative to the baseline scenarios (Figs. 10, D2). For the simulations with CCSM4-

RCP8.5-2300 forcing, the q = 1 grounding line in the ASE at 2300 is virtually identical to the baseline q = 1/5 simulation

(Fig 10a), reflecting the similar amounts of mass loss in Figure 9. Likewise, the q = 1/3 ASE grounding line — including370

Pine Island Glacier — has retreated much further than in the baseline scenario (Fig. 10b), reflecting its role in Figure 9 as the

highest mass-loss case. The q = 1/10 grounding line has barely retreated at all by 2300 (Fig. 10c), reflecting the absence of

rapid mass loss for that curve in Figure 9b. Similarly, for the HadGEM2-RCP8.5-2300 scenarios, the q = 1 grounding line has

retreated much less than the q = 1/5 grounding line (Fig. 10d), while the q = 1/3 and 1/10 grounding lines are close to the

q = 1/5 grounding line at 2300 (Fig. 10e–f), in keeping with their relative predictions of SLC from the ASE in Figure 9c.375
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Figure 10. Maps of thickness in West Antarctica relative to baseline runs (q = 1/5) at 2300 for experiments with q values of 1 (a, d), 1/3 (b,

e), and 1/10 (c, f). Grounding lines from the sensitivity experiments are shown by colored curves at 2000, 2100, 2200, and 2300, while the

grounding lines at 2300 from baseline simulations are shown in black. Results for the whole AIS are shown in Fig. D2.

3.5 Sensitivity to energy balance

We find that the temperature- and enthalpy-based formulations give nearly identical results, while using a fixed temperature

field increases SLC by 88% and 14% for the CCSM4-RCP8.5-2300 and HadGEM2-RCP8.5-2300 scenarios, respectively (Fig.

11). The control simulation with fixed temperature loses mass equivalent to ~180 mm SLC by 2300, compared with a net gain

of 50 mm in our baseline control run (Fig. C1). In the CCSM4-RCP8.5-2300 scenario, the ASE grounding line retreats up380

to ~200 km further by 2300 when using the fixed temperature field relative to evolving temperature (Figs. 12, D3). For all
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Temperature solver
Enthalpy solver
Constant temperature

Figure 11. (a) Ice mass and sea-level equivalent change for energy balance sensitivity experiments. Experiments using CCSM4-RCP8.5-

2300 and HadGEM2-RCP8.5-2300 forcings are shown in blue and orange, respectively. Line styles denote different solvers. (b, c) Regional

change for CCSM4-RCP8.5-2300 and HadGEM2-RCP8.5-2300 forcings, respectively. Line colors denote regions shown in Fig. 1; line styles

correspond to the legend in panel (a).

forcing scenarios, using a fixed temperature field results in substantially more mass loss than an evolving temperature field.

The magnitude of this effect varies from sector to sector, with a much larger effect in the ASE and Ross sectors and more

muted impact in the FRIS sector for the forced scenarios (Fig. 11b, c). In the control simulations, both the Ross and FRIS

are insensitive to the thermal solver, but the mass loss in the ASE increases by ~150% when using a fixed temperature field385

(Fig. C1). Meanwhile, the difference between the temperature and enthalpy formulations results in negligible difference in

SLC. For HadGEM2-RCP8.5-2300 forcing, the constant temperature case leads to an open seaway connecting the Weddell,

Amundsen, and Ross seas through central West Antarctica by 2300 (Fig. 12d), while the thermally coupled simulations only

predict connection between the Amundsen and Weddell seas (Fig. 12c).

Two reasons for this effect can be seen by examining temperature and flow speed along a transect down Thwaites Glacier for390

simulations with and without evolving temperature at 2150 (Fig. 13). First, melting at the base of the ice shelf removes warm

ice in the thermally coupled case (Fig. 13a, c), leaving a cold, stiff, slower-flowing ice shelf. In the fixed-temperature case (Fig.

13b, d), the temperature field for each layer is simply applied to the evolving ice thickness using a terrain-following vertical

coordinate, leaving a warm, soft, fast-flowing ice shelf. The warmer, softer shelf provides less back-stress to the ice upstream,

leading to faster flow and therefore more grounding-line retreat and mass loss. Second, as the flow speed increases during395

grounding-line retreat, cold ice from upstream is advected toward the grounding line in the thermally coupled case, decreasing

depth-averaged temperature of grounded ice relative to the fixed-temperature case and again leading to stiffer, slower-flowing

ice. A similar advective cooling effect has been inferred for the Siple Coast ice streams (Hills et al., 2023).
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Figure 12. Maps of thickness in West Antarctica relative to the baseline runs using the temperature formulation at 2300, for experiments

using the enthalpy formulation (a, c) and a fixed temperature field (b, d). Grounding lines from the sensitivity experiments are shown by

colored curves at 2000, 2100, 2200, and 2300, while the grounding lines at 2300 from baseline simulations are shown in black. Results for

the whole AIS are shown in Fig. D3.
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Figure 13. Modeled ice geometry and temperature (a, b) and surface flow speeds and depth-averaged temperature (c, d) taken from a transect

down the center of Thwaites Glacier at 2150 from the CCSM4-RCP8.5-2300 simulations with an evolving temperature field (a, c) and with

a fixed temperature field (b, d). Inset in (c) shows the location of the transect in pink, with the c. 2000 ASE grounding line in black.

3.6 Sensitivity to stress balance approximation

The MOLHO solver predicts slightly higher flow speeds at the initial condition (Fig. A1) and a moderate increase in mass loss400

(Figs. 14, C1) relative to the three-dimensional Blatter-Pattyn solver. Of our three main basins of interest, the ASE displays the

largest sensitivity to the choice of stress balance (Fig. 14b, c). For the CCSM4-RCP8.5-2300 forcing, using the MOLHO solver

results in a ~100–200 mm increase in SLC from the ASE region alone, while differences in the other regions are small. For

the stronger HadGEM2-RCP8.5-2300 forcing, the FRIS region displays a slightly larger absolute increase in SLC than in the

CCSM4-RCP8.5-2300 scenarios. The ASE still displays much greater sensitivity than either the Ross or FRIS regions, with the405

onset of rapid retreat occurring several decades earlier when using the MOLHO solver. Once rapid retreat initiates, however,

the rate of SLC is largely the same between the MOLHO and Blatter-Pattyn simulations. This also results in a SLC difference

of ~100–200 mm for a given year between 2100 and 2300. Maps of thickness difference from the baseline simulations are

shown in Figs. 15 and D4. Under CCSM4-RCP8.5-2300 forcing, the ASE has thinned more by 2300 in the MOLHO run than

in the Blatter-Pattyn run, but the two are qualitatively similar (Fig. 15a). Under HadGEM2-RCP8.5-2300 forcing, the MOLHO410
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stress balance predicts an interior seaway connecting the Weddell, Ross, and Amundsen seas, while the run using Blatter-Pattyn

stress balance retains grounded ice that keep the Ross Sea separate (Fig. 15b).

Blatter-Pattyn solver
MOLHO solver

Figure 14. (a) Ice mass and sea-level equivalent change for stress balance approximation sensitivity experiments. Experiments using CCSM4-

RCP8.5-2300 and HadGEM2-RCP8.5-2300 forcings are shown in blue and orange, respectively. Line styles denote the different solvers. (b,

c) Regional change for CCSM4-RCP8.5-2300 and HadGEM2-RCP8.5-2300 forcings, respectively. Line colors denote regions shown in Fig.

1; line styles correspond to the legend in panel (a).

3.7 Ensemble and analysis of variance

The results of our 72-member ensemble are shown in Figures 16–19. In simulations without hydrofracture (Figs. 16–17), the

ice sheet loses 0.6–3.6 m sea-level equivalent mass by 2300, with a large gap between runs using the CCSM4-RCP8.5-2300415

forcing (0.6–1.4 m SLE) and those using the three stronger forcings whose contribution ranges overlap (2.0–3.6 m SLE). For

all ESM choices, the Amery sector remains roughly in balance or slightly gains mass, while the other three sectors of interest

lose substantial mass. The ASE is the largest source of mass loss on average for all four ESMs, with strong contributions from

both the Ross and FRIS sectors for all ESMs except for CCSM4-RCP8.5-2300. In the CCSM4-RCP8.5-2300 runs, the Ross

sector is only just beginning to contribute substantially by 2300 (Fig. 16b).420

For the simulations without hydrofracture, on average, the ensemble predicts only modest changes by 2100, but major retreat

of the WAIS by 2300 (Fig. 17). By 2200, the ensemble predicts substantial grounding-line retreat in the ASE, FRIS, and Ross

sectors. The spread in ensemble members is small for the FRIS and Ross sectors. However, many ensemble members predict

a close-to-modern-day grounding-line position in the ASE by 2200, while many others predict hundreds of kilometers of

grounding-line retreat by this time. By 2300, the ensemble average predicts an open interior seaway between the ASE and425

FRIS regions, with some ensemble members also predicting full connection to the Ross sector. On average, the ensemble

predicts moderate thickening of the EAIS, with thinning near the grounding line of the major outlet glaciers.
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Figure 15. Maps of thickness in West Antarctica relative to the baseline runs at 2300, for experiments using the depth-integrated solver.

Grounding lines from the sensitivity experiments are shown by colored curves at 2000, 2100, 2200, and 2300, while the grounding lines at

2300 from baseline simulations are shown in black. Results for the whole AIS are shown in Fig. D4.

In simulations with hydrofracture, the ranges of mass loss from all four ESM forcings overlap, with a range of 2.1–5.1 m SLC

by 2300 (Fig. 18a). CCSM4-RCP8.5-2300-h forcing still predicts the least mass loss on average, but CESM2-SSP5-8.5-2300-

h and UKESM-SSP5-8.5-2300-h have overtaken HadGEM2-RCP8.5-2300-h as the scenarios with the largest average mass430

loss when hydrofracture is included. The Amery sector now loses mass under CESM2-SSP5-8.5-2300-h and UKESM-SSP5-

8.5-2300-h forcing, but loses comparatively little to no mass in the CCSM4-RCP8.5-2300-h and HadGEM2-RCP8.5-2300-h

scenarios. While the ASE remains the largest contributor for all ESM forcings, the Ross sector on average now loses at least

as much SLE mass as the FRIS sector in all scenarios. The increase in mass loss from Ross under CCSM4-RCP8.5-2300-h

forcing relative to the case without hydrofracture forcing is especially marked (green curves in Fig. 16b and Fig 18b).435

Grounding-line retreat by 2100 is still relatively modest in the hydrofracture-forced simulations (Fig. 19), as hydrofracture

has yet to impact large areas of the ice shelves. However, by 2200 we see more retreat of the grounding line relative to the

simulations without hydrofracture in the Ross and ASE, especially at Pine Island Glacier. By 2300, the ensemble average

predicts a fully connected interior seaway between the ASE, Ross, and FRIS sectors, although many ensemble members still

predict separation of the Ross sector from the others. The ensemble still predicts thickening of the interior EAIS, but with440

stronger thinning near the major outlet glaciers than in the simulations without hydrofracture (Fig. 17).
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ANOVA results are shown in Fig. 20 for the whole ice sheet and in Fig. 21 for the four regions of interest. For the whole ice

sheet, the choice of sliding law exponent dominates the ensemble variance for a few decades, after which the influence of the

choice of Earth system model becomes dominant. The presence or absence of hydrofracture forcing grows rapidly as a source

of variance after 2100, and roughly matches the variance explained by the choice of ESM forcing after ~2125. Together, the445

ESM and hydrofracture terms account for ~75% of the ensemble variance for the last two centuries of the simulations. Despite

the wide range of melt parameter �0 values we sampled within the constraints of the MeanAnt calibration, this parameter never

explains more than ~10% of the variance in the ensemble.

The interaction between the ESM and hydrofracture forcings is the largest of the two-way terms, likely because some ESMs

generate more surface melt than others, which makes them more likely to drive hydrofracture. There is some contribution as450

well from the two-way interaction between the basal sliding law exponent and the ESM and hydrofracture terms, respectively,

qualitatively in keeping with our findings in the sensitivity tests (Fig. 9). The contributions of the other two-way interactions

are essentially negligible, as are the three- and four-way interactions. The combined contribution of the interaction terms to

the ensemble variance largely exceeds the combined influence of the individual sliding law exponent and melt parameter terms

after ~2150.455

Our regional ANOVA results show marked contrasts between the four regions of interest (Fig. 21). In the ASE, the sliding

law exponent plays a larger role, accounting for the majority of the variance until ~2070 and remaining one of the largest terms

until ~2250. The two-way interaction terms play a larger role in the sector as well, accounting for >40% of the variance at 2300.

ESM and hydrofracture forcing remain important terms, but combined they only account for ~50% of the variance at 2300.

In the Ross sector, the choice of ESM forcing accounts for >60% of the variance through almost the entire simulation time460

and is by far the dominant term. The sliding law exponent and hydrofracture forcing terms are distant secondary contributors.

The FRIS sector exhibits a large impact of the ESM choice until ~2150, but after this the impact reduces, and hydrofracture

forcing only becomes moderately important after 2200. The sliding law exponent is especially important late in the simulations,

and the melt parameter is slightly more important than for other sectors, though its contribution remains below 20%. For the

Amery sector, the ESM forcing dominates the variance for the first century, after which hydrofracture rapidly takes over as465

the dominant term, in keeping with the results in Figs. 16 and 18. The two-way interaction between ESM and hydrofracture is

especially large in this sector, likely reflecting a wide range of ESM-predicted surface melt available to drive hydrofracture. The

basal sliding exponent accounts for <10% of the variance, and the impact of the melt parameter is negligible for the majority

of the simulation time, except from ~2075 to ~2125.

4 Discussion470

4.1 Extended simulations

Perhaps the most interesting outcome of the extended simulations (Figs. 5–6) is the fact that MISI-style retreat begins after

2300 for the UKESM-SSP1-2.6-2300-extended simulation and after 2500 for the control-extended simulation. The mass loss is

dominated by thinning and retreat of the ASE (Fig. 6). This is in agreement with a body of work that shows that even modern-
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Figure 16. Results of ensemble without ice-shelf hydrofracture enabled. (a) Whole-AIS results, with curve color indicating the ESM used

for forcing. The shaded regions represent the full range of simulations, with the curves representing the mean. (b–e) Regional results for each

ESM forcing. Curve colors denote regions.

day melt rates in the ASE lead to dramatic retreat over long timescales (Joughin et al., 2014; Favier et al., 2014; Feldmann and475

Levermann, 2015; Reese et al., 2023; van den Akker et al., 2025). We note that we have not tested for the reversibility of this

retreat, but the work of Feldmann and Levermann (2015), Hill et al. (2023), and Alevropoulos-Borrill et al. (2024) suggest that

if melt rates are reduced in the near future this retreat may be avoided. However, while our control-extended simulation agrees

with Stokes et al. (2025) on a very slight SLC at 2500 under continued present-day forcing conditions, our model predicts 1

m SLC between 2500 and 2775 under these conditions. And while our UKESM-SSP1-2.6-2300-extended (where SSP1-2.6480

corresponds to roughly +1.8°C above pre-industrial at 2100 (Fox-Kemper et al., 2021; Stokes et al., 2025)) simulation predicts

an order of magnitude less SLC at 2300 than the +1.5°C scenarios of both DeConto et al. (2021) and Stokes et al. (2025), by

2500 we predict ~1 m SLC, in qualitative agreement with the 1.5 m SLC predicted by Stokes et al. (2025) by 2500 (see their

Fig. 4). This could be due to the phenomenon noted by Seroussi et al. (2024) that once MISI-style retreat begins, different

models tend to predict roughly the same rate of retreat, and the model spread mainly comes from the wide range of predicted485

onset times of retreat. Better calibration of ice-sheet models could thus help reconcile these different estimates (Aschwanden

et al., 2021), although the timing of retreat could still be sensitive to remaining structural and parameter uncertainties.

4.2 Parameter sensitivity experiments

Our sub-shelf melt experiments (Figs. 7–8) show moderate sensitivity to the chosen value of the melt parameter �0, with a larger

relative impact (+40%) under the weaker CCSM4-RCP8.5-2300 forcing than under the stronger HadGEM2-RCP8.5-2300490
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Figure 17. Maps of ensemble results without ice-shelf hydrofracture enabled. Mean ice thickness change since 2000 at 2100 (a), 2200 (b),

and 2300 (c), with standard deviations in (d)–(f). Black curve represents grounding line calculated from mean thickness; dark purple and red

curves are calculated using mean ± 1� thickness.

forcing (±13%). While these differences are not negligible, the spread due to parameter uncertainty is quite small compared

with the spread due to forcing uncertainty, in keeping with the low contribution of the melt parameter to the ensemble variance

(Figs. 20–21). There are no interesting non-linearity effects to speak of, only a slight shift in the timing of mass loss relative to

the baseline simulations. An exploration of the structural uncertainty due to the choice of melt parameterization (e.g., including

slope dependence (Lipscomb et al., 2021) or a plume parameterization (Hoffman et al., 2019)) or calibration target (e.g., Pine495

Island grounding-line melt sensitivity (Jourdain et al., 2020)) may uncover larger uncertainties in mass loss due to sub-shelf

melt, but these are beyond the scope of this study.

Conversely, the choice between a linear and non-linear sliding law exponent, q, has a substantial effect on mass loss, with

some strongly non-linear features (Figs. 9, 10). For the Ross and FRIS regions, mass loss increases with decreasing values

of q, but the effect of q on mass loss from the ASE is quite different, potentially due to the more complex bed topography in500

this region. We observe complex behavior when varying the value of q that agrees strikingly well with the results of Schwans

et al. (2023) and Parizek et al. (2013): the most plastic sliding law (q = 1/10) leads to less retreat early in the simulation

and can strongly delay the onset of MISI-style retreat of Thwaites Glacier. Surprisingly, for both CCSM4-RCP8.5-2300 and
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Figure 18. Results of ensemble with ice-shelf hydrofracture enabled. (a) Whole-AIS results, with curve color indicating the ESM used for

forcing. The shaded regions represent the full range of simulations, with the curves representing the mean. (b–e) Regional results for each

ESM forcing. Curve colors denote regions.

HadGEM2-RCP8.5-2300 forcing scenarios, the hard-bed Weertman (q = 1/3) case predicts the most mass loss throughout

most of the simulation, although the two more-plastic cases catch up in the final decades of the HadGEM2-forced simulation.505

This non-linear behavior is also apparent in the historical (Fig. 2) and control (Fig. C1) simulations, in which the baseline

q = 1/5 simulation loses the least mass in the ASE of all four choices of q. We note that this behavior cannot be attributed

to initial condition uncertainty because all of our sensitivity tests begin from the same initial state with the basal friction

coefficient rescaled based on the assumed value of q (see Section 2.3.3). Given the strong control of the sliding law exponent

on the behavior of Thwaites Glacier, it is regrettable that this parameter was not reported systematically for the individual510

models contributing to ISMIP6 (Seroussi et al., 2020, 2024), as this could reasonably explain a large fraction of the very wide

inter-model spread in the ASE.

We have limited our investigation of basal sliding to parameter sensitivity, but the structural uncertainty in the choice of the

sliding law is likely at least as important. In a study of the effect of sliding law choices on projections of the ASE, Nias et al.

(2018) and Brondex et al. (2019) found that Weertman-type relationships consistently predicted less mass loss than sliding515

laws that incorporated effective pressure. We have avoided using effective pressure-dependent sliding laws because current

parameterizations of effective pressure are very crude and are extremely poor approximations far from the grounding line

(Hager et al., 2022). Therefore, in simulations that predict tens to hundreds of kilometers of grounding-line retreat, effective

pressure-dependent sliding laws may be strongly biased due to inaccurate effective pressure used to solve for the friction

coefficient during model initialization. The simple parameterization of effective pressure suggested by Downs and Johnson520

(2022) could alleviate some of these issues, but it involves tunable parameters of its own, making the parameter space too
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Figure 19. Maps of ensemble results with ice-shelf hydrofracture enabled. Mean ice thickness change since 2000 at 2100 (a), 2200 (b), and

2300 (c), with standard deviations in (d–f). Black curve represents grounding line calculated from mean thickness; dark purple and red curves

are calculated using mean ± 1� thickness.

large to explore here. However, we acknowledge that the Weertman-style sliding laws we use in this study have their own

shortcomings.

4.3 Importance of thermomechanical coupling

While most modern ice sheet and glacier models regularly simulate thermal evolution coupled to mechanical ice flow, it is525

still somewhat common to use fixed temperature fields or even a uniform scalar value for ice temperature (c.f. Goelzer et al.,

2020; Rückamp et al., 2020; Seroussi et al., 2020; Choi et al., 2021; Seroussi et al., 2024; Holmes et al., 2025; O’Neill et al.,

2025). This simplification is usually defended by the statement that the effects of thermomechanical feedbacks on ice flow are

likely to be small; indeed, Seroussi et al. (2013) found that temperature evolution is relatively unimportant for predicting the

evolution of the Greenland Ice Sheet to 2100. Our simulations have shown that this is unlikely to be the case for Antarctica,530

even for relatively short simulations. Even the sign of the sea-level contribution is different between our thermally coupled and

fixed temperature simulations under CCSM4-RCP8.5-2300 forcing after just 50 years, although the magnitudes of SLC at that

time are admittedly small. By 2100, SLC from the thermally coupled CCSM4-RCP8.5-2300 simulation is ~0 mm, compared
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Figure 20. Contribution to uncertainty from different factors for the simulation period 2015-2300 from the 72-member ensemble using the

MOLHO stress balance formulation. (a) Thick colored lines show standard deviation from sliding law exponent (light blue), �0 (dark blue),

Earth-system model (denoted "e" in legend) used for forcing (coral red), and whether prescribed ice-shelf hydrofracture ("h" in legend) is

included (yellow). Thin dashed lines indicate 2-way interactions. Gray dashed line indicates the sum of 3-way and 4-way interactions. Thick

black line is the standard deviation calculated directly from all samples in the ensemble, and dotted gray line is the sum of all factors (1-, 2-,

3-, and 4-way) to uncertainty. (b) Percentage of total variance from each factor in (a). Black dotted line separates contributions from primary

factors and interacting factors.

with ~35 mm from the fixed temperature simulation. Our results suggest that a strong justification is needed to use a fixed

temperature field for any but the shortest simulations, and that the insensitivity to thermal coupling should be demonstrated535

rather than assumed. At least three models (including MALI) out of thirteen total used fixed temperature fields in the first

ISMIP6-Antarctica study to 2100 (Seroussi et al., 2020), and therefore may have overestimated mass loss. Conversely, the

choice between our temperature- and enthalpy-based thermal solvers results in essentially negligible differences between the

simulations over any time frame, indicating that the existence of thermal coupling is vastly more important than the details of

the thermal solver. Of course, we cannot state definitively whether other models would exhibit a similar sensitivity to thermal540

coupling, or whether our finding would translate to the Greenland Ice Sheet, but our results indicate that future intercomparisons

for Antarctica should consider requiring thermomechanical coupling as a prerequisite to participation.
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Figure 21. Same as Fig. 20 but for the ASE (a,b), FRIS (b,c), Ross (e,f), and Amery Ice Shelf sector (g,h).

We note that we have not examined the impact of vertical resolution on the effect of thermal coupling. We do not expect a

strong resolution dependence, as our non-uniform vertical layer thickness results in higher resolution near the ice base where

the effects are strongest (Fig. 13a, b). While we use only five vertical layers, borehole measurements of ice temperature in545

fast-flowing regions of Antarctica generally reveal smooth, low-gradient temperature profiles with depth (Engelhardt, 2004),

which can be well approximated with a piecewise linear fit. Some temperature profiles in slow-flowing and divide-flow regions

exhibit high curvature in the upper ice column (Talalay et al., 2020) that may be more difficult for our coarser near-surface

layers to resolve. However, upper-ice temperatures in such slow-flowing regions likely have negligible impact on sea-level

projections.550
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4.4 Importance of stress balance approximation

Our results show that the choice of stress balance approximation is important for the timing of the onset of rapid retreat in the

ASE (Fig. 14), but is relatively unimportant for the other major regions of interest. The MOLHO model leads to earlier onset

of retreat in the ASE than the Blatter-Pattyn model in both simulations, which leads to large differences in the predicted SLC

at any given time after the early 22nd century. However, once rapid retreat has begun, the rate of retreat is mostly independent555

of the choice of stress balance approximation. Thus, it seems that the MOLHO model should be sufficient for sensitivity-style

studies of the dynamics of the ASE region, in which determining the precise timing of the retreat is not a major goal. The story

is more complex for the Ross region, with the HadGEM2-RCP8.5-2300 forcing displaying relatively large differences in mass

loss between the MOLHO and Blatter-Pattyn solvers. For the FRIS region, the differences in mass loss between the solvers is

small, and thus the computational savings provided by the MOLHO solver comes at very little cost to model accuracy. However,560

it should be acknowledged in studies using depth-integrated solvers that this could bias predicted mass loss and SLC. At the

initial condition, the MOLHO solver predicts slightly higher flow speeds for grounded ice relative to the Blatter-Pattyn solver

(Fig. A1) because in our configuration MOLHO predicts less vertical shear and thus more sliding for a given driving stress

and friction coefficient field. In the shallow-shelf approximation (SSA), no stresses are balanced by vertical shearing, which is

also likely to lead to more sliding and thus higher velocities than higher-order solvers. Thus, our finding here is consistent with565

comparisons between higher-order and SSA simulations for the Greenland Ice Sheet (Nias et al., 2023) and Thwaites Glacier

(Yu et al., 2018), in which the SSA simulations predict higher SLC than runs using higher-order stress balance approximations.

However, in the idealized MISMIP+ experiments, the stress balance approximation was found to be less important in general

than the choice of the basal friction law (Cornford et al., 2020).

4.5 Importance of overall model fidelity570

It is worth noting that our experiments with lower model fidelity (i.e., without thermal coupling and with the MOLHO solver)

predict more mass loss by 2300 than the accompanying high-fidelity experiment. Different sectors exhibit different sensitivities

to these model fidelity choices, but the overall effect on ice-sheet mass loss and SLC is substantial.

The literature on the response of the Antarctic Ice Sheet to climate forcing comprises results from a wide range of model fi-

delity, and modeling choices regarding fidelity are often made from considerations of computational cost rather than from575

demonstrated accuracy (e.g., convergence with respect to resolution). It has long been known that accurately simulating

grounding-line dynamics requires very fine mesh resolution on the order of 0.1–1 km (Durand et al., 2009; Gladstone et al.,

2012), but Williams et al. (2025) found that model resolution finer than 5 km is sufficient to accurately model the evolution

of the ASE, although they acknowledge some model dependence of the required resolution. Most ice-sheet models (including

MALI) lack adaptive mesh refinement, so resolution dependence is problematic for long simulations in which the grounding580

line is expected to retreat long distances. Given the high computational expense of simulating the entire ice sheet at high resolu-

tion with high fidelity models, we suspect that many models participating in ISMIP6—including our own—are likely not fully

converged with respect to resolution, which could be prohibitively expensive. Therefore, more targeted model intercomparison
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projects aiming for high fidelity for the ASE alone may be more trustworthy than the relatively low-fidelity whole-Antarctic

simulations comprising ISMIP6.585

Previous work with MALI has shown that a resolution of less than 1 km is required for a converged solution on a marine

ice sheet-type domain when using the sub-element parameterization of grounding-line position used here (Hoffman et al.,

2018). This is computationally impractical when using a higher-order Stokes solver on a continental domain when potential

grounding-line retreat into the WAIS interior has to be taken into account in multi-century simulations. We undertook our

baseline simulations with the knowledge that the model configuration was likely not fully converged with respect to resolution,590

which is a practical necessity in most Earth system modeling applications. Of the 43 different model configurations submitted

in ISMIP6-Antarctica-2300, only five used a finer minimum cell spacing than our 4–20 km resolution (Seroussi et al., 2024):

DC-ISSM (2–50 km), IGE-ElmerIce (1–50 km), UCSD-ISSM (3–50 km), UNN-Ua (1–40 km), and UTAS-ElmerIce (1–25

km). All of these configurations used the SSA stress balance, which is far less expensive than our Blatter-Pattyn solver (about a

factor of 10; see Yu et al. 2018). The NCAR CISM submissions used a regular 4 km grid with a depth-integrated L1L2 velocity595

solver. The <4km resolution models all predicted lower SLC than our 4–20 km configuration in the ISMIP6-Antarctica-2300

ensemble, while the 4km NCAR CISM model predicted a higher (though overlapping) range of SLC compared with our model.

It is thus tempting to suggest that higher resolution models predict less mass loss; however, several coarse resolution models

with lower-fidelity stress balances (IMAU-UFEMISM: 30–200km, hybrid stress balance; NORCE CISM: 8km, hybrid; PIK

PISM: 8 km, hybrid; UCM Yelmo: 8 km, L1L2; ULB Kori: 16km, hybrid; and VUB AISMPALEO: 20 km, SIA + SSA) predict600

largely the same amount of mass loss as the five highest resolution models, while the 16 km hybrid LSCE-GRISLI model

predicts nearly the same range as our 4–20 km baseline results despite its overall lower fidelity and worse fit to observations.

We note that mesh resolution is only one component of numerical accuracy, but important details such as advection and time

integration schemes were not systematically reported for the ISMIP6-Antarctica-2300 models. Thus, it is not clear that any

single choice regarding fidelity can be deemed the most important when comparing across many different models. However,605

high resolution and accurate stress balance approximation do not necessarily translate to good agreement with observations (c.f.

Figure 2 in Seroussi et al., 2024); conversely, good agreement with observations does not guarantee accurate future behavior

for coarse resolution models with less accurate stress balances.

4.6 Sources of uncertainty in projections

Many ice-sheet characteristics and processes are highly uncertain and difficult to represent faithfully in numerical models.610

Modelers must choose between different input data sets to define model geometry (e.g., Fretwell et al., 2013; Morlighem

et al., 2020; Pritchard et al., 2025). Initializing and calibrating ice sheet models is challenging, due to incomplete forcing

data sets, nonlinear physics, and often sparse observational data. Many key physical processes are represented by relatively

simple parameterizations that are unlikely to capture all the physics involved. For instance, numerous parameterizations exist

to treat iceberg calving (e.g., Nick et al., 2010; Levermann et al., 2012; Pollard et al., 2015; Morlighem et al., 2016), basal615

friction (Weertman, 1957; Budd et al., 1979; Schoof, 2005; Joughin et al., 2019; Zoet and Iverson, 2020), and sub-ice-shelf

melting (e.g., Hoffman et al., 2019; Jourdain et al., 2020; Lipscomb et al., 2021; Burgard et al., 2022), each with their own
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strengths and weaknesses in reproducing observations, and each with their own parameters to calibrate. Even in the highest

fidelity models, the physics of ice flow is subject to uncertainties in form of the flow law and the value of the flow-law exponent

(Millstein et al., 2022; Ranganathan and Minchew, 2024; Getraer and Morlighem, 2025; Schohn et al., 2025) and anisotropy620

due to crystal orientation fabric (Ma et al., 2010; Gerber et al., 2023), both of which are usually neglected due to computational

challenges and limited observational constraints. No ensemble to-date has rigorously quantified the uncertainty due to all of

these numerous sources, but the ISMIP6 ensembles have sampled widely among the common choices made by the major

ice-sheet modeling groups.

In their analogous analysis of variance to what we present here, Seroussi et al. (2024) found that ice model uncertainty dom-625

inates variance at all times, being as large or larger than all other sources (Earth-system model, hydrofracture, and interaction

terms) combined. Our study does not have a direct equivalent to their ice-sheet model uncertainty term because we are using a

single ice-sheet model, in contrast to the 8 ice-sheet models used by Seroussi et al. (2024) in their ANOVA analysis. However,

we do include many realizations of a single ice-sheet model through different values of the parameters q and �0. Seroussi et al.

(2024) did not quantify parameter uncertainty directly, but their ice-sheet model uncertainty term includes parameter uncer-630

tainty along with structural uncertainty and initial condition uncertainty, as most choices were left up to each modeling group

in the ISMIP6 protocol. The variance due to ESM and hydrofracture in our ensemble each reach 0.6 m by 2300 (Fig. 20), in

close agreement with Seroussi et al. (2024); however, the ~0.4 m variance (combining q and �0 contributions in quadrature) in

our ensemble due to parameter uncertainty is much less than the ~1.15 m variance due to ice-sheet model uncertainty in the

ISMIP6-Antarctica-2300 ensemble.635

It is not possible to partition ice-sheet model uncertainty from Seroussi et al. (2024) into these individual factors with their

existing ensemble, but our analysis of uncertainty provides some insights into their relative importance. Our analysis samples

two parameters (�0 and q), and finds that while q dominates uncertainty early in the simulations, beyond about 2100 uncertainty

from these ice-sheet model parameters becomes less than 25% of total variance, and uncertainty from the forcing (Earth-

system model and hydrofracture) dominate (Fig. 20b). At the same time, ice-sheet model benchmarking intercomparisons640

(e.g., Cornford et al., 2020) have shown general agreement in ice dynamics for a given forcing between ice-flow models of

varying fidelity, when models are run at sufficient spatial resolution (which, as noted above, may not be the case for many of

the ISMIP6 ensemble members). In contrast, ice-sheet models are known to be sensitive to initial conditions (Seroussi et al.,

2019) and the ISMIP6 ensembles have been shown to have historical behavior that deviates substantially from observations

(Fig. 2 and Aschwanden et al., 2021). Thus, it could be that a large fraction of the large ice-model uncertainty reported by645

Seroussi et al. (2024) originates from initial condition uncertainty and does not necessarily indicate disagreement between

ice-sheet models due to differences in model fidelity or parameter choices. However, as noted in Section 4.5, the impact of

discretization error due to mesh resolution and numerical schemes is another potential source of uncertainty that warrants

further investigation.

The spread in modeled SLC reported by Seroussi et al. (2024) comes partially from a wide range of predicted behavior at650

Thwaites Glacier, while the models largely agree on the extent of retreat in FRIS and Ross sectors. Long thought to be the

region of Antarctica most sensitive to ocean warming (e.g., Hughes, 1977, 1981; Thomas, 1979), Thwaites Glacier remains
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stable (or nearly so) through 2300 in many of the simulations reported by Seroussi et al. (2024). Our baseline ensemble

predicts among the largest amounts of grounding-line retreat at Thwaites by 2300 of the main simulations in that study, while

matching observed rates of mass loss for the ASE relatively well (Fig. 2). Several other models participating in ISMIP6655

displayed major differences at Thwaites Glacier between different modeling choices when using the same ice sheet model.

The DC ISSM simulations predicted among the least retreat of Thwaites Glacier, while the UCSD ISSM simulations (which,

incidentally, used a uniform scalar temperature field) predicted among the largest amounts of retreat. Similarly, the NORCE

CISM simulations predicted small amounts of retreat, while the NCAR CISM simulations predicted similar amounts of retreat

to our simulations. The VUW PISM simulations predicted almost no retreat of Thwaites Glacier by 2300, while the PIK660

PISM simulations predicted moderate amounts of retreat. We cannot say whether these differences are due to different model

resolution, choices of physics and/or numerics, initialization procedures, or historical calibration, but it is a striking result that

the same model can predict such different behavior of a glacier that has for so long been considered highly unstable.

We note that ANOVA is only as informative as the sources of uncertainty that were included. As noted elsewhere, we have

not used a dynamic calving law, evolving basal friction, or glacial isostatic adjustment, and we have sampled no initial condition665

uncertainty. ANOVA also assumes the samples are independent, the data in each group are approximately normally distributed,

and the variances within each group are approximately equal. For ISMIP6 applications like Seroussi et al. (2023, 2024) and

this study, these conditions are unlikely to be rigorously satisfied. Further, the factors that were sampled likely do not capture

the full range of uncertainty due to the small sample size within each factor. While we found the melt parameter �0 to have

minimal impact on ensemble variance, we have not explored the Pine Island grounding line (PIGL) calibration of Jourdain670

et al. (2020) or other forms of melt parameterization that include ice shelf basal slope or plumes (e.g., Hoffman et al., 2019;

Lipscomb et al., 2021; Burgard et al., 2022). Likewise, hydrofracture is merely treated as present or absent based on a threshold

as in the ISMIP6 protocol, while in reality there is likely a range of impacts of surface meltwater on ice dynamics and calving,

for instance through modulation of ice temperature (Hubbard et al., 2016), as well as uncertainty in threshold values (Trusel

et al., 2015; Seroussi et al., 2024). Finally, the four ESMs we sample from ISMIP6-Antarctica-2300 are unlikely to capture675

the full range of uncertainty in ESMs. While we sample only an admittedly small portion of the true uncertainty, incorporating

all sources of potential uncertainty into an ensemble with our model would be prohibitively computationally expensive. Thus,

acceleration via statistical or deep learning emulators will be necessary in order to quantify the full range of uncertainty in

sea-level projections from Antarctica (e.g., Edwards et al., 2021; Seroussi et al., 2023; Jantre et al., 2024; Rosier et al., 2025).

4.7 Limitations680

Model initialization and calibration are immense challenges at the scale of an entire continent. We had to make judicious

choices regarding calibration targets, given the constraints of computing time, human time, available observations, and model

capabilities. For instance, we use the almost universally adopted approach of choosing a uniform value for the sliding law

exponent, not because this is physically realistic, but because of the difficulty of calibrating a spatially varying exponent in a

reasonable time frame. Likewise, some regions proved insensitive to reasonable changes to the basal sliding exponent q, which685

we treated as a tuning parameter, and were not possible to bring within the range of observational constraints. In some cases,
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this could be due to model resolution, as many glaciers on the Antarctic Peninsula, for instance, are unlikely to be sufficiently

resolved on a 4-km mesh. In other cases, we had to balance trade-offs between regional and continental metrics based on expert

judgment, such as choosing a sliding law exponent that better matched the observed mass loss from the ASE at the expense of a

worse fit to the overall Antarctic mass budget (Fig. 2). Furthermore, the community-standard melt parameterization of Jourdain690

et al. (2020) also does not reproduce the observed or inferred patterns of ice-shelf melt (e.g., Adusumilli et al., 2020; Paolo

et al., 2023), which may make it impossible and/or undesirable to fit mass change observations using only the basal sliding

exponent. Finally, we had to make decisions regarding the datasets used to initialize and calibrate the model. For instance, we

had to manually remove artifacts in seafloor topography that exacerbated spurious grounding-line advance. This was a case of

a data issue (interpolation between incomplete bathymetry observations) compounding with a modeling issue (imperfect fit to695

flux divergence at the grounding line) to create a problem that could not be fixed by tuning model parameters. Improvements

could be made to our initialization and calibration workflow by including flux divergence as a constraint in the inversion (e.g.

Perego et al., 2014), by using Bayesian calibration (e.g. Wernecke et al., 2020; Aschwanden and Brinkerhoff, 2022; Felikson

et al., 2023; Jantre et al., 2024), or by a transient optimization approach (e.g. Goldberg and Heimbach, 2013; Goldberg et al.,

2015; Badgeley et al., 2025).700

The large expense of these simulations limits the parameter space that we have been able to explore. Due to the limited

number of simulations and the large portion of the parameter space left unsampled, we are unable to propagate uncertainties

forward to create probabilistic projections of mass loss from the AIS. Acceleration via statistical or deep learning emulators

(Edwards et al., 2021; Seroussi et al., 2023; Jantre et al., 2024; Rosier et al., 2025) could somewhat alleviate this issue, but

large numbers of model simulations are still necessary for emulator training. However, using a space-filling ensemble design705

such as Sobol’ or Latin Hypercube sampling to produce training data for emulators would be a more efficient way to sample

the parameter space than the full-factorial design used for ANOVA.

We have explored the sensitivity of our AIS model configuration to parameters controlling sub-shelf melt and basal sliding,

but we have not explored the structural uncertainty inherent in choosing the specific form of the parameterizations for each. In

the case of the basal sliding law, we based our choices of parameterization and parameter values on common assumptions in the710

literature, rather than on the best available sliding law. There is no consensus on what the "best" sliding law is, but the common

Weertman-style power-law used here certainly is not it. However, this allowed us to explore a wide range of parameter values

without the added complexity of including evolving effective pressure, which currently has no good physical parameterization

when the grounding line retreats far from its modern position (Hager et al., 2022). While more theoretically rigorous than

the power-law relationship, regularized Coulomb friction laws (Schoof, 2005; Joughin et al., 2019) include effective pressure715

and additional parameters such as bump height and threshold velocities that are difficult to calibrate and likely vary spatially,

making the parameter space extremely large. Likewise, we have chosen a community-standard sub-shelf melt parameterization

(Jourdain et al., 2020) that includes a precalibrated parameter and its uncertainty. Many other sub-shelf melt parameterizations

exist and could give different results (Hoffman et al., 2019; Jourdain et al., 2020; Lipscomb et al., 2021; Burgard et al., 2022;

Lambert and Burgard, 2025). Exploring a number of different parameterizations for sub-shelf melt as suggested by Lambert720

and Burgard (2025) would likely greatly increase the variance due to ice-shelf melt in our ensemble.

36



In this work, we did not explore the sensitivity of the model to several processes that are known to be important, such as ice-

berg calving, evolution of material properties like ice damage or fabric, glacial isostatic adjustment, and subglacial hydrology.

Regarding iceberg calving, our initial attempts to calibrate the von Mises stress-based calving law of Morlighem et al. (2016)

against observed ice-shelf changes (Greene et al., 2022) proved prohibitively difficult, as the initial ice extent from BedMachine725

v2 (Morlighem et al., 2020) does not correspond to a given year across the whole continent. Calibrating calving laws to hold

calving fronts in quasi-steady state (e.g., Wilner et al., 2023) might be a viable alternative in the future, but the utility of this

exercise is questionable for the more dynamic regions like the ASE. Furthermore, current calving parameterizations are too

simple to replicate the cyclical nature of tabular iceberg calving that accounts for most of the calving flux from the largest ice

shelves (Greene et al., 2022). Therefore, we decided to ignore the effect of iceberg calving in this study, while acknowledging730

that it is likely to be a major driver of ice-sheet retreat in the coming centuries (e.g., Yu et al., 2019). However, we note that the

hydrofracture forcing scenarios included in the baseline simulations and in our 72-member ensemble likely represent an upper

bound on the impact of iceberg calving from floating ice. Ice damage is known to have a strong impact on bulk ice viscosity and

thus on sea-level projections (Lhermitte et al., 2020; Ranganathan et al., 2025), but we do not include the impact of damage on

ice viscosity in these simulations as we are not yet running MALI operationally with evolving damage and damage-viscosity735

coupling. Similarly, we take the almost universally adopted value of n = 3 for the flow-law exponent, the generality of which

has recently been called into question (Millstein et al., 2022; Ranganathan and Minchew, 2024), but which only a few recent

modeling studies have treated as an uncertain parameter (e.g., Ranganathan and Minchew, 2024; Getraer and Morlighem, 2025;

Rosier et al., 2025). We have explored the impact of GIA on our projections in another study (Han et al., 2025) and found the

impact to be of a similar magnitude to the most impactful processes explored here (i.e., thermal coupling and basal sliding).740

There are likely non-linear interactions between GIA and other processes such as basal sliding, sub-shelf melt, and calving that

could account for considerable uncertainty in projections, and this area warrants further investigation. The impact of subglacial

hydrology on projections of ice-sheet change is an active area of research and development with MALI that will be addressed

in future work.

5 Conclusions745

We have conducted three new sets of simulations — extended simulations beyond 2300, one-at-a-time sensitivity experiments,

and a 72-member ensemble along with an analysis of variance — to better understand and improve upon the model configura-

tion that we used in the ISMIP6-Antarctica-2300 experiment (Seroussi et al., 2024). Our primary findings are as follows:

– In a SSP1-2.6 simulation extended to 2500 and a control (~present-day forcing) simulation extended to 2775, marine

ice-sheet instability-style retreat begins at Thwaites Glacier after 2300 and 2500, respectively, leading to ~1 m SLC750

by the end of the simulations. This corroborates other studies’ findings that present-day rates of mass loss may lead to

substantial SLC from the ASE over long timescales (Joughin et al., 2014; Favier et al., 2014; Feldmann and Levermann,

2015; Reese et al., 2023; Bett et al., 2024; Coulon et al., 2024; van den Akker et al., 2025).
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– Varying the ice-shelf melt sensitivity parameter �0 within the 5th–95th percentile range found by Jourdain et al. (2020)

for the MeanAnt parameterization results in a ~±40% and ~±13% difference in SLC from our baseline simulations755

for the CCSM4 and HadGEM2 RCP8.5 scenarios, respectively. This difference is greatly exceeded by the factor of 3.5

difference between the CCSM4 and HadGEM2 RCP8.5 baseline simulations. Our 72-member ensemble corroborates

this finding, with uncertainty in �0 never accounting for more than ~10% of the ensemble variance.

– The model is sensitive to the choice between linear and non-linear basal sliding law exponent, q. A choice of q = 1/10

(effectively plastic) leads to 2.3–4.1 times as much SLC by 2300 as a choice of q = 1 (linear viscous). Excluding q = 1760

and using the more reasonable values of 1/10  q  1/3 (hard-bedded), the sliding law exponent is a major contributor

to the ensemble variance early in the simulations, but becomes a relatively minor contributor after ~2070. However,

there is variation in the sensitivity on a region-to-region basis. The sliding law exponent contributes more than half the

variance in the ASE until 2070 and remains >20% until 2250. In the FRIS sector, it accounts for ~30–45% of the variance

after 2150, while never accounting for more than ~20% in the Ross sector or ~10% in the Amery sector.765

– Ice sheet models must be thermomechanically coupled to produce credible results. Using a fixed-in-time temperature

field increases SLC at 2300 by up to 88% relative to our forced simulations with evolving temperature. However, the

choice between the common methods for solving thermal evolution may be unimportant. The assumption that the effect

of thermal evolution is small over short time-scales is likely highly case-dependent and should be used only if the

insensitivity can be demonstrated for that particular case.770

– In each experiment in which model fidelity is altered, the higher-fidelity configuration predicts less overall mass loss from

Antarctica. The differences range from modest and possibly acceptable in the case of the MOLHO versus Blatter-Pattyn

stress balance approximations (9–31% at 2300) to extreme and likely unacceptable in the case of constant tempera-

ture versus thermomechanical coupling (14–88% at 2300). In both cases, the stronger forcing leads to lower relative

sensitivity to the choice of model fidelity.775

– Our 72-member ensemble and analysis of variance show that forcing terms (choice of Earth system model and presence

or absence of hydrofracture) dominate the overall uncertainty in our projections relative to parameter uncertainty. How-

ever, individual sectors of the ice sheet respond differently to forcing and parameter choices, and parameter uncertainty

remains >20% of the variance for the ASE and FRIS sectors for a majority of the length our simulations.

– While multi-model inter-comparison ensembles like ISMIP6 (Seroussi et al., 2020, 2024) are useful for quantifying the780

spread of mass change projections across many modeling frameworks, the numerous model-to-model differences can

obscure the reasons behind the discrepancies between model predictions. Sensitivity studies with a single model, such

as presented here, are necessary to understand how individual modeling choices affect projections of sea-level change.

While perhaps less interesting scientifically than multi-model studies, they are necessary documentation of the impacts

of common assumptions.785
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Code availability. MALI is an open source code available at https://github.com/MALI-Dev/E3SM. The version of the code used for the

simulations is archived on Zenodo (E3SM Team, 2025). Scripts for reproducing figures and analyzing the ANOVA ensemble are archived on

Zenodo (Hoffman, 2025).

Data availability. Model output used for the analysis and figures in this work is archived on Zenodo (Hillebrand et al., 2025a, b, c, d, e).

Further model output is available upon request from the authors.790

Appendix A: Implementation of Mono Layer High Order (MOLHO) model

The MOLHO approximation is based on the weak formulation of the Blatter-Pattyn (or High Order) model, where the following

ansatz is used for the trial and test velocity functions:

v(x,y,z) = �(z)vb(x,y) + (1 � �(z))vs(x,y), where �(z) =

✓
s� z

H

◆(n+1)

.

Here H , s and n denote the ice thickness, surface elevation and Glenn’s law exponent, respectively. This expression can

represent both the SIA and SSA solutions, as seen by choosing vb = 0 and vs = vb, respectively. While we use the basal and

surface velocities vb and vs as primary variables, alternative equivalent formulations, e.g., using vb and vsh := vs �vb as in

(Dias dos Santos et al., 2022), are possible. The MOLHO approximation can be viewed as a 2.5D modal approach, where the795

solution in the vertical direction is approximated using just two modes.

This approximation has been proposed and explored in previous works, including those by Bassis (2010); Brinkerhoff and

Johnson (2015); Dias dos Santos et al. (2022). We adopt the name MOLHO from Dias dos Santos et al. (2022), although our

implementation in the MALI code differs from theirs. As in our Blatter-Pattyn discretization, we construct a 3D mesh of wedge

elements by vertically extruding a triangulation of the 2D ice domain. For MOLHO, this extrusion consists of a single (mono)

layer of wedges. We define tensor-product finite element on the wedges composing a classic linear nodal finite-element on the

base triangle, and the 1D Lagrange finite-element in the vertical having the following basis functions (in physical space):

�0(z) = �(z), �1(z) = 1 � �(z).

Volume integrals over each wedge are computed using a tensor-product quadrature: a 4th-order Gauss rule on the triangle

and a 7th-order Gauss rule in the vertical. In contrast, Dias dos Santos et al. (2022) performs analytic integration along the z

direction of the model weak form, after numerically evaluating a depth-averaged viscosity, yielding a coupled system of two

2D vector equations for the basal velocity vb and shear velocity vsh. This approach has the potential of being computationally800

more efficient, operating entirely on 2D data structures. Our choice of implementation was guided by its simplicity and ease

of integration into the MALI codebase, essentially requiring the use of a specialized finite element. Ongoing development in

MALI aims to eliminate the explicit generation of the 3D mesh by leveraging the tensor-product structure in the finite element

implementation, which will reduce memory footprint and computational cost.
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For the solver, we use the multi-grid preconditioner (Tuminaro et al., 2016; Watkins et al., 2023) developed for the Blatter-805

Pattyn model, that performs a semi-coarsening in the vertical direction exploiting the structure of the extruded 3D formulation.

Figure A1. Depth-averaged speed from the MOLHO and Blatter-Pattyn solvers for all grounded ice cells at the initial condition. Red dotted

curve denotes linear least-squares fit to the data (R2 = 0.9991). Dashed grey curve is 1:1 line. RMSE: root mean square error; MAPE: mean

absolute percent error.
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Appendix B: Forcings, boundary conditions, and experiments

Forcing name Seroussi et al. (2024) experiment

historical Historical

control(-extended) ctrlAE

NorESM1-M-RCP2.6-repeat expAE01

CCSM4-RCP8.5-2300(-extended) expAE02

HadGEM2-RCP8.5-2300 expAE03

CESM2-SSP5-8.5-2300 expAE04

UKESM-SSP5-8.5-2300 expAE05

UKESM-SSP5-8.5-repeat expAE06

NorESM1-M-RCP8.5-repeat expAE07

HadGEM2-RCP8.5-repeat expAE08

CESM2-SSP5-8.5-repeat expAE09

UKESM-SSP1-2.6-2300(-extended) expAE10

CCSM4-RCP8.5-2300-h(-extended) expAE11

HadGEM2-RCP8.5-2300-h expAE12

CESM2-SSP5-8.5-2300-h expAE13

UKESM-SSP5-8.5-2300-h expAE14
Table B1. Forcing names used in this paper, with the equivalent experiments from Seroussi et al. (2024). Our naming convention is: (Earth

system model)-(emissions scenario)-(repeat late 21st century or calculated to 2300?)-(hydrofracture?)-(extended beyond 2300?). Forcings

with -h include ice-shelf hydrofracture forcing. Four forcings were extended beyond 2300 using the methodology described in Section 2.3.2

and are denoted here with (-extended) to indicate that both the standard and extended versions were used.
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Figure B1. Difference in bed elevation used in MALI simulations relative to BedMachineAntarctica v2 (Morlighem et al., 2020). Negative

values indicate a deeper bed in MALI.
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Figure B2. Temperature correction to ocean thermal forcing provided by ISMIP6 (a–c) and used in MALI simulations (d–f) for the three

different values of the sub-shelf melt parameter, �0.
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Appendix C: Control simulations

Figure C1. Mass change for the whole ice sheet (a) and regions of interest (b–d) from control simulations for the parameter and model

fidelity sensitivity studies.
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Appendix D: Full AIS sensitivity test maps

Figure D1. Maps of thickness relative to baseline runs (�0 = 14500 m a�1) at 2300 for low melt sensitivity (�0 = 9620 m a�1) (a, c) and

high melt sensitivity (�0 = 21000 m a�1) (b, d) experiments. Grounding lines from the sensitivity experiments are shown by colored curves

at 2000, 2100, 2200, and 2300, while the grounding lines at 2300 from baseline simulations are shown in black.
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Figure D2. Maps of thickness relative to baseline runs (q = 1/5) at 2300 for experiments with q values of 1 (a, d), 1/3 (b, e), and 1/10 (c, f).

Grounding lines from the sensitivity experiments are shown by colored curves at 2000, 2100, 2200, and 2300, while the grounding lines at

2300 from baseline simulations are shown in black.
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Figure D3. Maps of thickness relative to the baseline runs using the temperature formulation at 2300, for experiments using the enthalpy

formulation (a, c) and a fixed temperature field (b, d). Grounding lines from the sensitivity experiments are shown by colored curves at 2000,

2100, 2200, and 2300, while the grounding lines at 2300 from baseline simulations are shown in black.
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Figure D4. Maps of thickness relative to the baseline runs at 2300, for experiments using the depth-integrated solver. Grounding lines from

the sensitivity experiments are shown by colored curves at 2000, 2100, 2200, and 2300, while the grounding lines at 2300 from baseline

simulations are shown in black.

Author contributions. TRH, MJH, and HKH developed the MALI configuration for the ISMIP6-Antarctica-2300 simulations. TRH, MJH,810

and AOH ran the simulations. HKH and XAD processed forcing files. TRH, MJH, and AN produced the figures. AN processed data for

archiving. MJH performed the ANOVA. MP performed the adjoint optimization for basal friction and ice stiffness fields. JW and MC

assisted with configuring the large ensemble simulations on GPUs. MJH, TRH, HKH, MP, and SP developed the model code. TRH and MJH

wrote the manuscript with input from all authors.

Competing interests. The authors declare they have no competing interests.815

Disclaimer. This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in the

paper do not necessarily represent the views of the US Department of Energy or the United States Government.

Acknowledgements. We thank Johannes Sutter and two anonymous reviewers for comments that have improved this manuscript. This ma-

terial is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Biological and Environment Research

48



and Office of Advanced Scientific Computing Research under Triad National Security, LLC (‘Triad’) contract grant 89233218CNA000001820

[FWP: LANLF2C2]. Simulations were performed on machines at the National Energy Research Scientific Computing Center (a DOE Of-

fice of Science user facility located at Lawrence Berkeley National Laboratory), operated under contract no. DE-AC02-05CH11231, using

NERSC award nos. ERCAP0023782, ERCAP0024081, ERCAP0032965, and ERCAP0032964. Los Alamos National Laboratory is oper-

ated by Triad National Security, LLC, for the National Nuclear Security Administration of the US Department of Energy under contract

no. 89233218NCA000001. Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and825

Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International Inc., for the DOE’s National Nuclear Security

Administration under contract no. DE-NA-0003525. OpenAI’s GPT-4o model assisted with translating Matlab code from Seroussi et al.

(2024) into Python for the ANOVA.

49



References

Adusumilli, S., Fricker, H. A., Medley, B., Padman, L., and Siegfried, M. R.: Interannual variations in meltwater input to the Southern Ocean830

from Antarctic ice shelves, Nature geoscience, 13, 616–620, https://doi.org/10.1038/s41561-020-0616-z, 2020.

Alevropoulos-Borrill, A., Golledge, N. R., Cornford, S. L., Lowry, D. P., and Krapp, M.: Sustained ocean cooling insufficient to reverse sea

level rise from Antarctica, Communications Earth & Environment, 5, 150, https://doi.org/10.1038/s43247-024-01297-8, 2024.

Aschwanden, A. and Brinkerhoff, D.: Calibrated mass loss predictions for the Greenland Ice Sheet, Geophysical Research Letters, 49,

e2022GL099 058, https://doi.org/10.1029/2022GL099058, 2022.835

Aschwanden, A., Bueler, E., Khroulev, C., and Blatter, H.: An enthalpy formulation for glaciers and ice sheets, Journal of Glaciology, 58,

441–457, https://doi.org/10.3189/2012JoG11J088, 2012.

Aschwanden, A., Bartholomaus, T. C., Brinkerhoff, D. J., and Truffer, M.: Brief communication: A roadmap towards credible projections of

ice sheet contribution to sea level, The Cryosphere, 15, 5705–5715, https://doi.org/10.5194/tc-15-5705-2021, 2021.

Badgeley, J. A., Morlighem, M., and Seroussi, H.: Increased sea-level contribution from northwestern Greenland for models that reproduce840

observations, Proceedings of the National Academy of Sciences, 122, e2411904 122, https://doi.org/10.1073/pnas.2411904122, 2025.

Bassis, J.: Hamilton-type principles applied to ice-sheet dynamics: new approximations for large-scale ice-sheet flow, Journal of Glaciology,

56, 497–513, https://doi.org/10.3189/002214310792447761, 2010.

Bett, D. T., Bradley, A. T., Williams, C. R., Holland, P. R., Arthern, R. J., and Goldberg, D. N.: Coupled ice–ocean interactions during future

retreat of West Antarctic ice streams in the Amundsen Sea sector, The Cryosphere, 18, 2653–2675, https://doi.org/10.5194/tc-18-2653-845

2024, publisher: Copernicus GmbH, 2024.

Blatter, H.: Velocity and stress fields in grounded glaciers: a simple algorithm for including deviatoric stress gradients, Journal of Glaciology,

41, 333–344, https://doi.org/10.3189/S002214300001621X, 1995.

Brinkerhoff, D. and Johnson, J.: Dynamics of thermally induced ice streams simulated with a higher-order flow model, Journal of Geophysical

Research: Earth Surface, 120, 1743–1770, https://doi.org/10.1002/2015JF003499, 2015.850

Brondex, J., Gillet-Chaulet, F., and Gagliardini, O.: Sensitivity of centennial mass loss projections of the Amundsen basin to the friction law,

The Cryosphere, 13, 177–195, https://doi.org/10.5194/tc-13-177-2019, 2019.

Budd, W., Keage, P., and Blundy, N.: Empirical studies of ice sliding, Journal of glaciology, 23, 157–170,

https://doi.org/10.3189/S0022143000029804, 1979.

Burgard, C., Jourdain, N. C., Reese, R., Jenkins, A., and Mathiot, P.: An assessment of basal melt parameterisations for Antarctic ice shelves,855

The Cryosphere, 16, 4931–4975, https://doi.org/10.5194/tc-16-4931-2022, 2022.

Choi, Y., Morlighem, M., Rignot, E., and Wood, M.: Ice dynamics will remain a primary driver of Greenland ice sheet mass loss over the

next century, Communications Earth & Environment, 2, 26, https://doi.org/10.1038/s43247-021-00092-z, 2021.

Cornford, S. L., Seroussi, H., Asay-davis, X. S., Gudmundsson, G. H., Arthern, R., Borstad, C., Christmann, J., Dos Santos, T. D., Feldmann,

J., Goldberg, D., et al.: Results of the third Marine Ice Sheet Model Intercomparison Project (MISMIP+), The Cryosphere, 14, 2283–2301,860

https://doi.org/10.5194/tc-14-2283-2020, 2020.

Coulon, V., Klose, A. K., Kittel, C., Edwards, T., Turner, F., Winkelmann, R., and Pattyn, F.: Disentangling the drivers of future Antarctic

ice loss with a historically calibrated ice-sheet model, The Cryosphere, 18, 653–681, https://doi.org/10.5194/tc-18-653-2024, publisher:

Copernicus GmbH, 2024.

50

https://doi.org/10.1038/s41561-020-0616-z
https://doi.org/10.1038/s43247-024-01297-8
https://doi.org/10.1029/2022GL099058
https://doi.org/10.3189/2012JoG11J088
https://doi.org/10.5194/tc-15-5705-2021
https://doi.org/10.1073/pnas.2411904122
https://doi.org/10.3189/002214310792447761
https://doi.org/10.5194/tc-18-2653-2024
https://doi.org/10.5194/tc-18-2653-2024
https://doi.org/10.5194/tc-18-2653-2024
https://doi.org/10.3189/S002214300001621X
https://doi.org/10.1002/2015JF003499
https://doi.org/10.5194/tc-13-177-2019
https://doi.org/10.3189/S0022143000029804
https://doi.org/10.5194/tc-16-4931-2022
https://doi.org/10.1038/s43247-021-00092-z
https://doi.org/10.5194/tc-14-2283-2020
https://doi.org/10.5194/tc-18-653-2024


Coulon, V., Klose, A. K., Edwards, T., Turner, F., Pattyn, F., and Winkelmann, R.: From short-term uncertainties to long-term certainties in the865

future evolution of the Antarctic Ice Sheet, Nature Communications, 16, 10 385, https://doi.org/10.1038/s41467-025-66178-w, publisher:

Nature Publishing Group, 2025.

Courant, R., Friedrichs, K., and Lewy, H.: Über die partiellen Differenzengleichungen der mathematischen Physik, Mathematische annalen,

100, 32–74, https://doi.org/10.1007/BF01448839, 1928.

DeConto, R. M., Pollard, D., Alley, R. B., Velicogna, I., Gasson, E., Gomez, N., Sadai, S., Condron, A., Gilford, D. M., Ashe, E. L., et al.:870

The Paris Climate Agreement and future sea-level rise from Antarctica, Nature, 593, 83–89, https://doi.org/10.1038/s41586-021-03427-0,

2021.

Dias dos Santos, T., Morlighem, M., and Brinkerhoff, D.: A new vertically integrated MOno-Layer Higher-Order (MOLHO) ice flow model,

The Cryosphere, 16, 179–195, https://doi.org/10.5194/tc-16-179-2022, 2022.

Downs, J. and Johnson, J. V.: A rapidly retreating, marine-terminating glacier’s modeled response to perturbations in basal traction, Journal875

of Glaciology, 68, 891–900, https://doi.org/10.1017/jog.2022.5, 2022.

Drewry, D. J., Jordan, S. R., and Jankowski, E.: Measured Properties of the Antarctic Ice Sheet: Surface Configuration, Ice Thickness, Volume

and Bedrock Characteristics, Annals of Glaciology, 3, 83–91, https://doi.org/10.3189/S0260305500002573, 1982.

Durand, G., Gagliardini, O., De Fleurian, B., Zwinger, T., and Le Meur, E.: Marine ice sheet dynamics: Hysteresis and neutral equilibrium,

Journal of Geophysical Research: Earth Surface, 114, https://doi.org/10.1029/2008JF001170, 2009.880

Durran, D. R.: Numerical methods for fluid dynamics: With applications to geophysics, vol. 32, Springer Science & Business Media, 2010.

E3SM Team: Energy Exascale Earth System Model, https://doi.org/10.5281/zenodo.16809723, https://doi.org/10.5281/zenodo.16809723,

software, 2025.

Edwards, T. L., Nowicki, S., Marzeion, B., Hock, R., Goelzer, H., Seroussi, H., Jourdain, N. C., Slater, D. A., Turner, F. E., Smith, C. J., et al.:

Projected land ice contributions to twenty-first-century sea level rise, Nature, 593, 74–82, https://doi.org/10.1038/s41586-021-03302-y,885

2021.

Engelhardt, H.: Thermal regime and dynamics of the West Antarctic ice sheet, Annals of Glaciology, 39, 85–92,

https://doi.org/10.3189/172756404781814203, 2004.

Favier, L., Durand, G., Cornford, S. L., Gudmundsson, G. H., Gagliardini, O., Gillet-Chaulet, F., Zwinger, T., Payne, A., and

Le Brocq, A. M.: Retreat of Pine Island Glacier controlled by marine ice-sheet instability, Nature Climate Change, 4, 117–121,890

https://doi.org/10.1038/nclimate2094, 2014.

Feldmann, J. and Levermann, A.: Collapse of the West Antarctic Ice Sheet after local destabilization of the Amundsen Basin, Proceedings of

the national academy of sciences, 112, 14 191–14 196, https://doi.org/10.1073/pnas.1512482112, 2015.

Felikson, D., Nowicki, S., Nias, I., Csatho, B., Schenk, A., Croteau, M. J., and Loomis, B.: Choice of observation type affects Bayesian

calibration of Greenland Ice Sheet model simulations, The Cryosphere, 17, 4661–4673, https://doi.org/10.5194/tc-17-4661-2023, 2023.895

Fox-Kemper, B., Hewitt, H., Xiao, C., Aðalgeirsdóttir, G., Drijfhout, S., Edwards, T., Golledge, N., Hemer, M., Kopp, R., Krinner, G., Mix,

A., Notz, D., Nowicki, S., Nurhati, I., Ruiz Serna, A., Srokosz, M., Yu, Y., and Zuo, J.: Ocean, Cryosphere and Sea Level Change, in:

Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovern-

mental Panel on Climate Change, edited by Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S., Péan, C., Berger, S., Caud, N., Chen,

Y., Goldfarb, L., Gomis, M., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J., Maycock, T., Waterfield, T., Yelekçi, O., Yu, R., and Zhou,900

B., pp. 1255–1362, Cambridge University Press, https://doi.org/10.1017/9781009157896.011, 2021.

51

https://doi.org/10.1038/s41467-025-66178-w
https://doi.org/10.1007/BF01448839
https://doi.org/10.1038/s41586-021-03427-0
https://doi.org/10.5194/tc-16-179-2022
https://doi.org/10.1017/jog.2022.5
https://doi.org/10.3189/S0260305500002573
https://doi.org/10.1029/2008JF001170
https://doi.org/10.5281/zenodo.16809723
https://doi.org/10.5281/zenodo.16809723
https://doi.org/10.1038/s41586-021-03302-y
https://doi.org/10.3189/172756404781814203
https://doi.org/10.1038/nclimate2094
https://doi.org/10.1073/pnas.1512482112
https://doi.org/10.5194/tc-17-4661-2023
https://doi.org/10.1017/9781009157896.011


Fretwell, P., Pritchard, H. D., Vaughan, D. G., Bamber, J. L., Barrand, N. E., Bell, R., Bianchi, C., Bingham, R., Blankenship,

D. D., Casassa, G., et al.: Bedmap2: improved ice bed, surface and thickness datasets for Antarctica, The cryosphere, 7, 375–393,

https://doi.org/10.5194/tc-7-375-2013, 2013.

Gerber, T. A., Lilien, D. A., Rathmann, N. M., Franke, S., Young, T. J., Valero-Delgado, F., Ershadi, M. R., Drews, R., Zeising, O., Humbert,905

A., et al.: Crystal orientation fabric anisotropy causes directional hardening of the Northeast Greenland Ice Stream, Nature Communica-

tions, 14, 2653, https://doi.org/10.1038/s41467-023-38139-8, 2023.

Getraer, B. and Morlighem, M.: Increasing the Glen–Nye power-law exponent accelerates ice-loss projections for the Amundsen Sea Em-

bayment, West Antarctica, Geophysical Research Letters, 52, e2024GL112 516, https://doi.org/10.1029/2024GL112516, 2025.

Gillet-Chaulet, F., Durand, G., Gagliardini, O., Mosbeux, C., Mouginot, J., Rémy, F., and Ritz, C.: Assimilation of surface velocities acquired910

between 1996 and 2010 to constrain the form of the basal friction law under Pine Island Glacier, Geophysical Research Letters, 43, 10–311,

https://doi.org/10.1002/2016GL069937, 2016.

Girden, E. R.: ANOVA: Repeated Measures, Sage, (No. 84), 1992.

Gladstone, R. M., Payne, A. J., and Cornford, S. L.: Resolution requirements for grounding-line modelling: sensitivity to basal drag and

ice-shelf buttressing, Annals of glaciology, 53, 97–105, https://doi.org/10.3189/2012AoG60A148, 2012.915

Glen, J. W.: The creep of polycrystalline ice, Proceedings of the Royal Society of London. Series A. Mathematical and Physical Sciences,

228, 519–538, https://doi.org/10.1098/rspa.1955.0066, 1955.

Goelzer, H., Nowicki, S., Payne, A., Larour, E., Seroussi, H., Lipscomb, W. H., Gregory, J., Abe-Ouchi, A., Shepherd, A., Simon, E., et al.:

The future sea-level contribution of the Greenland ice sheet: a multi-model ensemble study of ISMIP6, The Cryosphere, 14, 3071–3096,

https://doi.org/10.5194/tc-14-3071-2020, 2020.920

Goldberg, D. and Heimbach, P.: Parameter and state estimation with a time-dependent adjoint marine ice sheet model, The Cryosphere, 7,

1659–1678, https://doi.org/10.5194/tc-7-1659-2013, 2013.

Goldberg, D., Heimbach, P., Joughin, I., and Smith, B.: Committed retreat of Smith, Pope, and Kohler Glaciers over the next 30 years inferred

by transient model calibration, The Cryosphere, 9, 2429–2446, https://doi.org/10.5194/tc-9-2429-2015, 2015.

Greene, C. A., Gardner, A. S., Schlegel, N.-J., and Fraser, A. D.: Antarctic calving loss rivals ice-shelf thinning, Nature, 609, 948–953,925

https://doi.org/10.1038/s41586-022-05037-w, 2022.

Hager, A. O., Hoffman, M. J., Price, S. F., and Schroeder, D. M.: Persistent, extensive channelized drainage modeled beneath Thwaites

Glacier, West Antarctica, The Cryosphere, 16, 3575–3599, https://doi.org/10.5194/tc-16-3575-2022, 2022.

Han, H. K., Hoffman, M., Asay-Davis, X., Hillebrand, T. R., and Perego, M.: Improving projections of Antarctic Ice Sheet contribution to

sea-level change through 2300 by capturing gravitational, rotational, and deformational effects, Journal of Geophysical Research: Earth930

Surface, 130, e2025JF008 388, https://doi.org/10.1029/2025JF008388, 2025.

Hill, E. A., Urruty, B., Reese, R., Garbe, J., Gagliardini, O., Durand, G., Gillet-Chaulet, F., Gudmundsson, G. H., Winkelmann, R., Chekki,

M., et al.: The stability of present-day Antarctic grounding lines–Part 1: No indication of marine ice sheet instability in the current

geometry, The Cryosphere, 17, 3739–3759, https://doi.org/10.5194/tc-17-3739-2023, 2023.

Hill, E. A., Gudmundsson, G. H., and Chandler, D. M.: Ocean warming as a trigger for irreversible retreat of the Antarctic ice sheet, Nature935

Climate Change, 14, 1165–1171, https://doi.org/10.1038/s41558-024-02134-8, 2024.

Hillebrand, T., Hoffman, M., Han, H. K., Perego, M., Hager, A., Nolan, A., Asay-Davis, X., Price, S., Watkins, J., and Carlson, M.: MPAS-

Albany Land Ice simulations of the Antarctic Ice Sheet through 2300: Exp02–05 flux fields, https://doi.org/10.5281/zenodo.16803637,

https://doi.org/10.5281/zenodo.16803637, data set, 2025a.

52

https://doi.org/10.5194/tc-7-375-2013
https://doi.org/10.1038/s41467-023-38139-8
https://doi.org/10.1029/2024GL112516
https://doi.org/10.1002/2016GL069937
https://doi.org/10.3189/2012AoG60A148
https://doi.org/10.1098/rspa.1955.0066
https://doi.org/10.5194/tc-14-3071-2020
https://doi.org/10.5194/tc-7-1659-2013
https://doi.org/10.5194/tc-9-2429-2015
https://doi.org/10.1038/s41586-022-05037-w
https://doi.org/10.5194/tc-16-3575-2022
https://doi.org/10.1029/2025JF008388
https://doi.org/10.5194/tc-17-3739-2023
https://doi.org/10.1038/s41558-024-02134-8
https://doi.org/10.5281/zenodo.16803637
https://doi.org/10.5281/zenodo.16803637


Hillebrand, T., Hoffman, M., Han, H. K., Perego, M., Hager, A., Nolan, A., Asay-Davis, X., Price, S., Watkins, J., and Carlson, M.: MPAS-940

Albany Land Ice simulations of the Antarctic Ice Sheet through 2300: Exp02–05 state fields, https://doi.org/10.5281/zenodo.16798097,

https://doi.org/10.5281/zenodo.16798097, data set, 2025b.

Hillebrand, T., Hoffman, M., Han, H. K., Perego, M., Hager, A., Nolan, A., Asay-Davis, X., Price, S., Watkins, J., and Carlson, M.: MPAS-

Albany Land Ice simulations of the Antarctic Ice Sheet through 2300: Exp11–14 flux fields, https://doi.org/10.5281/zenodo.16805185,

https://doi.org/10.5281/zenodo.16805185, data set, 2025c.945

Hillebrand, T., Hoffman, M., Han, H. K., Perego, M., Hager, A., Nolan, A., Asay-Davis, X., Price, S., Watkins, J., and Carlson, M.: MPAS-

Albany Land Ice simulations of the Antarctic Ice Sheet through 2300: Exp11–14 state fields, https://doi.org/10.5281/zenodo.16805033,

https://doi.org/10.5281/zenodo.16805033, data set, 2025d.

Hillebrand, T., Hoffman, M., Han, H. K., Perego, M., Hager, A., Nolan, A., Asay-Davis, X., Price, S., Watkins, J., and Carlson, M.:

MPAS-Albany Land Ice simulations of the Antarctic Ice Sheet through 2300: time series, https://doi.org/10.5281/zenodo.16805241,950

https://doi.org/10.5281/zenodo.16805241, data set, 2025e.

Hillebrand, T. R., Hoffman, M. J., Perego, M., Price, S. F., and Howat, I. M.: The contribution of Humboldt Glacier, northern Green-

land, to sea-level rise through 2100 constrained by recent observations of speedup and retreat, The Cryosphere, 16, 4679–4700,

https://doi.org/10.5194/tc-16-4679-2022, 2022.

Hills, B. H., Christianson, K., Jacobel, R. W., Conway, H., and Pettersson, R.: Radar attenuation demonstrates advective cooling in the Siple955

Coast ice streams, Journal of Glaciology, 69, 566–576, https://doi.org/10.1017/jog.2022.86, 2023.

Hoffman, M.: mali-ismip6-ais-2300-anova analysis scripts, https://doi.org/10.5281/zenodo.16813658,

https://doi.org/10.5281/zenodo.16813658, software, 2025.

Hoffman, M. J., Perego, M., Price, S. F., Lipscomb, W. H., Zhang, T., Jacobsen, D., Tezaur, I., Salinger, A. G., Tuminaro, R., and Bertagna,

L.: MPAS-Albany Land Ice (MALI): a variable-resolution ice sheet model for Earth system modeling using Voronoi grids, Geoscientific960

Model Development, 11, 3747–3780, https://doi.org/10.5194/gmd-11-3747-2018, 2018.

Hoffman, M. J., Asay-Davis, X., Price, S. F., Fyke, J., and Perego, M.: Effect of subshelf melt variability on sea level rise contribution from

Thwaites Glacier, Antarctica, Journal of Geophysical Research: Earth Surface, 124, 2798–2822, https://doi.org/10.1029/2019JF005155,

2019.

Holmes, F. A., Barnett, J., Åkesson, H., Morlighem, M., Nilsson, J., Kirchner, N., and Jakobsson, M.: Sea level rise contribution from Ryder965

Glacier in northern Greenland varies by an order of magnitude by 2300 depending on future emissions, The Cryosphere, 19, 2695–2714,

https://doi.org/10.5194/tc-19-2695-2025, 2025.

Hubbard, B., Luckman, A., Ashmore, D. W., Bevan, S., Kulessa, B., Kuipers Munneke, P., Philippe, M., Jansen, D., Booth, A., Sevestre, H.,

Tison, J.-L., O’Leary, M., and Rutt, I.: Massive subsurface ice formed by refreezing of ice-shelf melt ponds, Nature Communications, 7,

11 897, https://doi.org/10.1038/ncomms11897, publisher: Nature Publishing Group, 2016.970

Hughes, T.: West Antarctic ice streams, Reviews of Geophysics, 15, 1–46, https://doi.org/10.1029/RG015i001p00001, 1977.

Hughes, T. J.: The weak underbelly of the West Antarctic ice sheet, Journal of Glaciology, 27, 518–525,

https://doi.org/10.3189/S002214300001159X, 1981.

Jantre, S., Hoffman, M. J., Urban, N. M., Hillebrand, T., Perego, M., Price, S., and Jakeman, J. D.: Probabilistic projections of the Amery Ice

Shelf catchment, Antarctica, under conditions of high ice-shelf basal melt, The Cryosphere, 18, 5207–5238, https://doi.org/10.5194/tc-18-975

5207-2024, 2024.

53

https://doi.org/10.5281/zenodo.16798097
https://doi.org/10.5281/zenodo.16798097
https://doi.org/10.5281/zenodo.16805185
https://doi.org/10.5281/zenodo.16805185
https://doi.org/10.5281/zenodo.16805033
https://doi.org/10.5281/zenodo.16805033
https://doi.org/10.5281/zenodo.16805241
https://doi.org/10.5281/zenodo.16805241
https://doi.org/10.5194/tc-16-4679-2022
https://doi.org/10.1017/jog.2022.86
https://doi.org/10.5281/zenodo.16813658
https://doi.org/10.5281/zenodo.16813658
https://doi.org/10.5194/gmd-11-3747-2018
https://doi.org/10.1029/2019JF005155
https://doi.org/10.5194/tc-19-2695-2025
https://doi.org/10.1038/ncomms11897
https://doi.org/10.1029/RG015i001p00001
https://doi.org/10.3189/S002214300001159X
https://doi.org/10.5194/tc-18-5207-2024
https://doi.org/10.5194/tc-18-5207-2024
https://doi.org/10.5194/tc-18-5207-2024


Jenkins, A., Dutrieux, P., Jacobs, S., Steig, E. J., Gudmundsson, G. H., Smith, J., and Heywood, K. J.: Decadal ocean forcing and Antarctic

ice sheet response: Lessons from the Amundsen Sea, Oceanography, 29, 106–117, https://doi.org/10.5670/oceanog.2016.103, 2016.

Joughin, I., Smith, B. E., and Medley, B.: Marine ice sheet collapse potentially under way for the Thwaites Glacier Basin, West Antarctica,

Science, 344, 735–738, https://doi.org/10.1126/science.1249055, 2014.980

Joughin, I., Smith, B. E., and Schoof, C. G.: Regularized Coulomb friction laws for ice sheet sliding: Application to Pine Island Glacier,

Antarctica, Geophysical research letters, 46, 4764–4771, https://doi.org/10.1029/2019GL082526, 2019.

Jourdain, N. C., Asay-Davis, X., Hattermann, T., Straneo, F., Seroussi, H., Little, C. M., and Nowicki, S.: A protocol for calculating basal

melt rates in the ISMIP6 Antarctic ice sheet projections, https://doi.org/10.5194/tc-14-3111-2020, 2020.

Juarez-Martinez, A., Blasco, J., Robinson, A., Montoya, M., and Alvarez-Solas, J.: Antarctic sensitivity to oceanic melting parameterizations,985

The Cryosphere, 18, 4257–4283, https://doi.org/10.5194/tc-18-4257-2024, publisher: Copernicus GmbH, 2024.

Lambert, E. and Burgard, C.: Brief communication: Sensitivity of Antarctic ice shelf melting to ocean warming across basal melt models,

The Cryosphere, 19, 2495–2505, https://doi.org/10.5194/tc-19-2495-2025, 2025.

Lenaerts, J. T., Van den Broeke, M., Van de Berg, W., Van Meijgaard, E., and Kuipers Munneke, P.: A new, high-resolution sur-

face mass balance map of Antarctica (1979–2010) based on regional atmospheric climate modeling, Geophysical research letters, 39,990

https://doi.org/10.1029/2011GL050713, 2012.

Levermann, A., Albrecht, T., Winkelmann, R., Martin, M. A., Haseloff, M., and Joughin, I.: Kinematic first-order calving law implies

potential for abrupt ice-shelf retreat, The Cryosphere, 6, 273–286, https://doi.org/10.5194/tc-6-273-2012, 2012.

Lhermitte, S., Sun, S., Shuman, C., Wouters, B., Pattyn, F., Wuite, J., Berthier, E., and Nagler, T.: Damage accelerates ice shelf in-

stability and mass loss in Amundsen Sea Embayment, Proceedings of the National Academy of Sciences, 117, 24 735–24 741,995

https://doi.org/10.1073/pnas.1912890117, 2020.

Lipscomb, W. H., Leguy, G. R., Jourdain, N. C., Asay-Davis, X. S., Seroussi, H., and Nowicki, S.: ISMIP6 projections of ocean-forced

Antarctic Ice Sheet evolution using the Community Ice Sheet Model, The Cryosphere, 15, 633–661, https://doi.org/10.5194/tc-15-633-

2021, 2021.

Ma, Y., Gagliardini, O., Ritz, C., Gillet-Chaulet, F., Durand, G., and Montagnat, M.: Enhancement factors for grounded ice and ice shelves1000

inferred from an anisotropic ice-flow model, Journal of Glaciology, 56, 805–812, https://doi.org/10.3189/002214310794457209, 2010.

Martos, Y. M., Catalán, M., Jordan, T. A., Golynsky, A., Golynsky, D., Eagles, G., and Vaughan, D. G.: Heat flux distribution of Antarctica

unveiled, Geophysical Research Letters, 44, 11–417, https://doi.org/10.1002/2017GL075609, 2017.

Millstein, J. D., Minchew, B. M., and Pegler, S. S.: Ice viscosity is more sensitive to stress than commonly assumed, Communications Earth

& Environment, 3, 57, https://doi.org/10.1038/s43247-022-00385-x, 2022.1005

Morlighem, M., Bondzio, J., Seroussi, H., Rignot, E., Larour, E., Humbert, A., and Rebuffi, S.: Modeling of Store Gletscher’s

calving dynamics, West Greenland, in response to ocean thermal forcing, Geophysical Research Letters, 43, 2659–2666,

https://doi.org/10.1002/2016GL067695, 2016.

Morlighem, M., Rignot, E., Binder, T., Blankenship, D., Drews, R., Eagles, G., Eisen, O., Ferraccioli, F., Forsberg, R., Fretwell, P., et al.:

Deep glacial troughs and stabilizing ridges unveiled beneath the margins of the Antarctic ice sheet, Nature Geoscience, 13, 132–137,1010

https://doi.org/10.1038/s41561-019-0510-8, 2020.

Mouginot, J., Scheuchl, B., and Rignot, E.: Mapping of Ice Motion in Antarctica Using Synthetic-Aperture Radar Data, Remote Sensing, 4,

2753–2767, https://doi.org/10.3390/rs4092753, 2012.

54

https://doi.org/10.5670/oceanog.2016.103
https://doi.org/10.1126/science.1249055
https://doi.org/10.1029/2019GL082526
https://doi.org/10.5194/tc-14-3111-2020
https://doi.org/10.5194/tc-18-4257-2024
https://doi.org/10.5194/tc-19-2495-2025
https://doi.org/10.1029/2011GL050713
https://doi.org/10.5194/tc-6-273-2012
https://doi.org/10.1073/pnas.1912890117
https://doi.org/10.5194/tc-15-633-2021
https://doi.org/10.5194/tc-15-633-2021
https://doi.org/10.5194/tc-15-633-2021
https://doi.org/10.3189/002214310794457209
https://doi.org/10.1002/2017GL075609
https://doi.org/10.1038/s43247-022-00385-x
https://doi.org/10.1002/2016GL067695
https://doi.org/10.1038/s41561-019-0510-8
https://doi.org/10.3390/rs4092753


Nias, I., Cornford, S., and Payne, A.: New mass-conserving bedrock topography for Pine Island Glacier impacts simulated decadal rates of

mass loss, Geophysical Research Letters, 45, 3173–3181, https://doi.org/10.1002/2017GL076493, 2018.1015

Nias, I. J., Nowicki, S., Felikson, D., and Loomis, B.: Modeling the Greenland Ice Sheet’s committed contribution to sea level during the

21st century, Journal of Geophysical Research: Earth Surface, 128, e2022JF006 914, https://doi.org/10.1029/2022JF006914, 2023.

Nick, F. M., Van der Veen, C. J., Vieli, A., and Benn, D. I.: A physically based calving model applied to marine outlet glaciers and implications

for the glacier dynamics, Journal of Glaciology, 56, 781–794, https://doi.org/10.3189/002214310794457344, 2010.

Nye, J. F.: The distribution of stress and velocity in glaciers and ice-sheets, Proceedings of the Royal Society of London. Series A. Mathe-1020

matical and Physical Sciences, 239, 113–133, https://doi.org/10.1098/rspa.1957.0026, 1957.

O’Neill, J. F., Edwards, T. L., Martin, D. F., Shafer, C., Cornford, S. L., Seroussi, H. L., Nowicki, S., Adhikari, M., and Gregoire,

L. J.: ISMIP6-based Antarctic projections to 2100: simulations with the BISICLES ice sheet model, The Cryosphere, 19, 541–563,

https://doi.org/10.5194/tc-19-541-2025, 2025.

Otosaka, I. N., Shepherd, A., Ivins, E. R., Schlegel, N.-J., Amory, C., van den Broeke, M., Horwath, M., Joughin, I., King, M., Krinner,1025

G., et al.: Mass balance of the Greenland and Antarctic ice sheets from 1992 to 2020, Earth System Science Data, 17, 3409–3433,

https://doi.org/10.5194/essd-15-1597-2023, 2023.

Paolo, F. S., Gardner, A. S., Greene, C. A., Nilsson, J., Schodlok, M. P., Schlegel, N.-J., and Fricker, H. A.: Widespread slowdown in thinning

rates of West Antarctic ice shelves, The Cryosphere, 17, 3409–3433, https://doi.org/10.5194/tc-17-3409-2023, 2023.

Parizek, B., Christianson, K., Anandakrishnan, S., Alley, R., Walker, R., Edwards, R., Wolfe, D., Bertini, G., Rinehart, S., Bindschadler,1030

R., et al.: Dynamic (in) stability of Thwaites Glacier, West Antarctica, Journal of Geophysical Research: Earth Surface, 118, 638–655,

https://doi.org/10.1002/jgrf.20044, 2013.

Paterson, W. and Budd, W.: Flow parameters for ice sheet modeling, Cold Regions Science and Technology, 6, 175–177,

https://doi.org/10.1016/0165-232X(82)90010-6, 1982.

Pattyn, F.: A new three-dimensional higher-order thermomechanical ice sheet model: Basic sensitivity, ice stream development, and ice flow1035

across subglacial lakes, Journal of Geophysical Research: Solid Earth, 108, https://doi.org/10.1029/2002JB002329, 2003.

Payne, A. J., Nowicki, S., Abe-Ouchi, A., Agosta, C., Alexander, P., Albrecht, T., Asay-Davis, X., Aschwanden, A., Barthel, A., Bracegirdle,

T. J., et al.: Future sea level change under coupled model intercomparison project phase 5 and phase 6 scenarios from the Greenland and

Antarctic ice sheets, Geophysical Research Letters, 48, e2020GL091 741, https://doi.org/10.1029/2020GL091741, 2021.

Perego, M., Price, S., and Stadler, G.: Optimal initial conditions for coupling ice sheet models to Earth system models, Journal of Geophysical1040

Research: Earth Surface, 119, 1894–1917, https://doi.org/10.1002/2014JF003181, 2014.

Pollard, D., DeConto, R. M., and Alley, R. B.: Potential Antarctic Ice Sheet retreat driven by hydrofracturing and ice cliff failure, Earth and

Planetary Science Letters, 412, 112–121, https://doi.org/10.1016/j.epsl.2014.12.035, 2015.

Pollard, D., Chang, W., Haran, M., Applegate, P., and DeConto, R.: Large ensemble modeling of the last deglacial retreat of the West

Antarctic Ice Sheet: comparison of simple and advanced statistical techniques, Geoscientific Model Development, 9, 1697–1723,1045

https://doi.org/10.5194/gmd-9-1697-2016, 2016.

Pritchard, H. D., Arthern, R. J., Vaughan, D. G., and Edwards, L. A.: Extensive dynamic thinning on the margins of the Greenland and

Antarctic ice sheets, Nature, 461, 971–975, https://doi.org/10.1038/nature08471, 2009.

Pritchard, H. D., Fretwell, P. T., Fremand, A. C., Bodart, J. A., Kirkham, J. D., Aitken, A., Bamber, J., Bell, R., Bianchi, C.,

and Bingham, R. G.: Bedmap3 updated ice bed, surface and thickness gridded datasets for Antarctica, Scientific data, 12, 414,1050

https://doi.org/https://doi.org/10.1038/s41597-025-04672-y, publisher: Nature Publishing Group UK London, 2025.

55

https://doi.org/10.1002/2017GL076493
https://doi.org/10.1029/2022JF006914
https://doi.org/10.3189/002214310794457344
https://doi.org/10.1098/rspa.1957.0026
https://doi.org/10.5194/tc-19-541-2025
https://doi.org/10.5194/essd-15-1597-2023
https://doi.org/10.5194/tc-17-3409-2023
https://doi.org/10.1002/jgrf.20044
https://doi.org/10.1016/0165-232X(82)90010-6
https://doi.org/10.1029/2002JB002329
https://doi.org/10.1029/2020GL091741
https://doi.org/10.1002/2014JF003181
https://doi.org/10.1016/j.epsl.2014.12.035
https://doi.org/10.5194/gmd-9-1697-2016
https://doi.org/10.1038/nature08471
https://doi.org/https://doi.org/10.1038/s41597-025-04672-y


Ranganathan, M. and Minchew, B.: A modified viscous flow law for natural glacier ice: Scaling from laboratories to ice sheets, Proceedings

of the National Academy of Sciences, 121, e2309788 121, https://doi.org/10.1073/pnas.2309788121, 2024.

Ranganathan, M., Robel, A. A., Huth, A., and Duddu, R.: Glacier damage evolution over ice flow timescales, The Cryosphere, 19, 1599–1619,

https://doi.org/10.5194/tc-19-1599-2025, 2025.1055

Reese, R., Garbe, J., Hill, E. A., Urruty, B., Naughten, K. A., Gagliardini, O., Durand, G., Gillet-Chaulet, F., Gudmundsson, G. H., Chandler,

D., et al.: The stability of present-day Antarctic grounding lines–Part 2: Onset of irreversible retreat of Amundsen Sea glaciers under

current climate on centennial timescales cannot be excluded, The Cryosphere, 17, 3761–3783, https://doi.org/10.5194/tc-17-3761-2023,

2023.

Rignot, E., Mouginot, J., and Scheuchl, B.: Ice flow of the Antarctic ice sheet, Science, 333, 1427–1430,1060

https://doi.org/10.1126/science.1208336, 2011.

Rignot, E., Jacobs, S., Mouginot, J., and Scheuchl, B.: Ice-Shelf Melting Around Antarctica, Science, 341, 266–270,

https://doi.org/10.1126/science.1235798, 2013.

Rignot, E., Mouginot, J., Morlighem, M., Seroussi, H., and Scheuchl, B.: Widespread, rapid grounding line retreat of Pine Is-

land, Thwaites, Smith, and Kohler glaciers, West Antarctica, from 1992 to 2011, Geophysical research letters, 41, 3502–3509,1065

https://doi.org/10.1002/2014GL060140, 2014.

Rignot, E., Xu, Y., Menemenlis, D., Mouginot, J., Scheuchl, B., Li, X., Morlighem, M., Seroussi, H., den Broeke, M. v., Fenty, I., et al.:

Modeling of ocean-induced ice melt rates of five west Greenland glaciers over the past two decades, Geophysical Research Letters, 43,

6374–6382, https://doi.org/10.1002/2016GL068784, 2016.

Rignot, E., Mouginot, J., and Scheuchl., B.: MEaSUREs InSAR-Based Antarctica Ice Velocity Map, Version 2,1070

https://doi.org/10.5067/D7GK8F5J8M8R, 2017.

Rignot, E., Mouginot, J., Scheuchl, B., Van Den Broeke, M., Van Wessem, M. J., and Morlighem, M.: Four decades of

Antarctic Ice Sheet mass balance from 1979–2017, Proceedings of the National Academy of Sciences, 116, 1095–1103,

https://doi.org/10.1073/pnas.1812883116, 2019.

Rosier, S. H. R., Gudmundsson, G. H., Jenkins, A., and Naughten, K. A.: Calibrated sea level contribution from the Amundsen Sea sector,1075

West Antarctica, under RCP8.5 and Paris 2C scenarios, The Cryosphere, 19, 2527–2557, https://doi.org/10.5194/tc-19-2527-2025, 2025.

Rückamp, M., Goelzer, H., and Humbert, A.: Sensitivity of Greenland ice sheet projections to spatial resolution in higher-order simulations:

the Alfred Wegener Institute (AWI) contribution to ISMIP6 Greenland using the Ice-sheet and Sea-level System Model (ISSM), The

Cryosphere, 14, 3309–3327, https://doi.org/10.5194/tc-14-3309-2020, 2020.

Schohn, C. M., Iverson, N. R., Zoet, L. K., Fowler, J. R., and Morgan-Witts, N.: Linear-viscous flow of temperate ice, Science, 387, 182–185,1080

https://doi.org/10.1126/science.adp7708, 2025.

Schoof, C.: The effect of cavitation on glacier sliding, Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences,

461, 609–627, https://doi.org/10.1098/rspa.2004.1350, 2005.

Schoof, C.: Ice sheet grounding line dynamics: Steady states, stability, and hysteresis, Journal of Geophysical Research: Earth Surface, 112,

https://doi.org/10.1029/2006JF000664, 2007.1085

Schwans, E., Parizek, B. R., Alley, R. B., Anandakrishnan, S., and Morlighem, M. M.: Model insights into bed control on retreat of Thwaites

Glacier, West Antarctica, Journal of Glaciology, 69, 1241–1259, https://doi.org/10.1017/jog.2023.13, 2023.

Seabold, S. and Perktold, J.: Statsmodels: Econometric and Statistical Modeling with Python, https://www.statsmodels.org/, python package,

2023.

56

https://doi.org/10.1073/pnas.2309788121
https://doi.org/10.5194/tc-19-1599-2025
https://doi.org/10.5194/tc-17-3761-2023
https://doi.org/10.1126/science.1208336
https://doi.org/10.1126/science.1235798
https://doi.org/10.1002/2014GL060140
https://doi.org/10.1002/2016GL068784
https://doi.org/10.5067/D7GK8F5J8M8R
https://doi.org/10.1073/pnas.1812883116
https://doi.org/10.5194/tc-19-2527-2025
https://doi.org/10.5194/tc-14-3309-2020
https://doi.org/10.1126/science.adp7708
https://doi.org/10.1098/rspa.2004.1350
https://doi.org/10.1029/2006JF000664
https://doi.org/10.1017/jog.2023.13
https://www.statsmodels.org/


Seroussi, H., Morlighem, M., Rignot, E., Khazendar, A., Larour, E., and Mouginot, J.: Dependence of century-scale projections of the1090

Greenland ice sheet on its thermal regime, Journal of Glaciology, 59, 1024–1034, https://doi.org/10.3189/2013JoG13J054, 2013.

Seroussi, H., Nowicki, S., Simon, E., Abe-Ouchi, A., Albrecht, T., Brondex, J., Cornford, S., Dumas, C., Gillet-Chaulet, F., Goelzer, H., et al.:

initMIP-Antarctica: an ice sheet model initialization experiment of ISMIP6, The Cryosphere, 13, 1441–1471, https://doi.org/10.5194/tc-

13-1441-2019, 2019.

Seroussi, H., Nowicki, S., Payne, A. J., Goelzer, H., Lipscomb, W. H., Abe-Ouchi, A., Agosta, C., Albrecht, T., Asay-Davis, X., Barthel,1095

A., et al.: ISMIP6 Antarctica: a multi-model ensemble of the Antarctic ice sheet evolution over the 21st century, The Cryosphere, 14,

3033–3070, https://doi.org/10.5194/tc-14-3033-2020, 2020.

Seroussi, H., Verjans, V., Nowicki, S., Payne, A. J., Goelzer, H., Lipscomb, W. H., Abe-Ouchi, A., Agosta, C., Albrecht, T., Asay-Davis,

X., et al.: Insights into the vulnerability of Antarctic glaciers from the ISMIP6 ice sheet model ensemble and associated uncertainty, The

Cryosphere, 17, 5197–5217, https://doi.org/10.5194/tc-17-5197-2023, 2023.1100

Seroussi, H., Pelle, T., Lipscomb, William H., N. S., et al.: Evolution of the Antarctic Ice Sheet over the next three centuries from an ISMIP6

model ensemble, Earth’s Future, in review, https://doi.org/10.1029/2024EF004561, 2024.

Shapero, D. R., Joughin, I. R., Poinar, K., Morlighem, M., and Gillet-Chaulet, F.: Basal resistance for three of the largest Greenland outlet

glaciers, Journal of Geophysical Research: Earth Surface, 121, 168–180, https://doi.org/10.1002/2015JF003643, 2016.

Shepherd, A., Wingham, D., and Rignot, E.: Warm ocean is eroding West Antarctic ice sheet, Geophysical Research Letters, 31,1105

https://doi.org/10.1029/2004GL021106, 2004.

Skamarock, W. C. and Gassmann, A.: Conservative transport schemes for spherical geodesic grids: High-order flux operators for ODE-based

time integration, Monthly Weather Review, 139, 2962–2975, https://doi.org/10.1175/MWR-D-10-05056.1, 2011.

Smith, B., Fricker, H. A., Gardner, A. S., Medley, B., Nilsson, J., Paolo, F. S., Holschuh, N., Adusumilli, S., Brunt, K.,

Csatho, B., et al.: Pervasive ice sheet mass loss reflects competing ocean and atmosphere processes, Science, 368, 1239–1242,1110

https://doi.org/https://doi.org/10.1126/science.aaz5845, 2020.

Stokes, C. R., Bamber, J. L., Dutton, A., and DeConto, R. M.: Warming of+ 1.5° C is too high for polar ice sheets, Communications Earth &

Environment, 6, 1–12, https://doi.org/10.1038/s43247-025-02299-w, 2025.

Talalay, P., Li, Y., Augustin, L., Clow, G. D., Hong, J., Lefebvre, E., Markov, A., Motoyama, H., and Ritz, C.: Geothermal heat flux from

measured temperature profiles in deep ice boreholes in Antarctica, The Cryosphere, 14, 4021–4037, https://doi.org/10.5194/tc-14-4021-1115

2020, 2020.

Thomas, R. H.: The dynamics of marine ice sheets, Journal of Glaciology, 24, 167–177, https://doi.org/10.3189/S0022143000014726, 1979.

Trusel, L. D., Frey, K. E., Das, S. B., Karnauskas, K. B., Kuipers Munneke, P., van Meijgaard, E., and van den Broeke, M. R.:

Divergent trajectories of Antarctic surface melt under two twenty-first-century climate scenarios, Nature Geoscience, 8, 927–932,

https://doi.org/10.1038/ngeo2563, 2015.1120

Tuminaro, R., Perego, M., Tezaur, I., Salinger, A., and Price, S.: A Matrix Dependent/Algebraic Multigrid Approach for Extruded Meshes

with Applications to Ice Sheet Modeling, SIAM Journal on Scientific Computing, 38, C504–C532, https://doi.org/10.1137/15M1040839,

2016.

van den Akker, T., Lipscomb, W. H., Leguy, G. R., Bernales, J., Berends, C. J., van de Berg, W. J., and van de Wal, R. S.: Present-day mass

loss rates are a precursor for West Antarctic Ice Sheet collapse, The Cryosphere, 19, 283–301, https://doi.org/10.5194/tc-19-283-2025,1125

2025.

57

https://doi.org/10.3189/2013JoG13J054
https://doi.org/10.5194/tc-13-1441-2019
https://doi.org/10.5194/tc-13-1441-2019
https://doi.org/10.5194/tc-13-1441-2019
https://doi.org/10.5194/tc-14-3033-2020
https://doi.org/10.5194/tc-17-5197-2023
https://doi.org/10.1029/2024EF004561
https://doi.org/10.1002/2015JF003643
https://doi.org/10.1029/2004GL021106
https://doi.org/10.1175/MWR-D-10-05056.1
https://doi.org/https://doi.org/10.1126/science.aaz5845
https://doi.org/10.1038/s43247-025-02299-w
https://doi.org/10.5194/tc-14-4021-2020
https://doi.org/10.5194/tc-14-4021-2020
https://doi.org/10.5194/tc-14-4021-2020
https://doi.org/10.3189/S0022143000014726
https://doi.org/10.1038/ngeo2563
https://doi.org/10.1137/15M1040839
https://doi.org/10.5194/tc-19-283-2025


von Storch, H. and Zwiers, F. W.: Statistical Analysis in Climate Research, Cambridge University Press,

https://doi.org/10.1017/CBO9780511612336, 1999.

Watkins, J., Carlson, M., Shan, K., Tezaur, I., Perego, M., Bertagna, L., Kao, C., Hoffman, M. J., and Price, S. F.: Performance

portable ice-sheet modeling with MALI, The International Journal of High Performance Computing Applications, 37, 600–625,1130

https://doi.org/10.1177/10943420231183688, 2023.

Weertman, J.: On the sliding of glaciers, Journal of glaciology, 3, 33–38, https://doi.org/10.3189/S0022143000024709, 1957.

Weertman, J.: Stability of the junction of an ice sheet and an ice shelf, Journal of Glaciology, 13, 3–11,

https://doi.org/10.3189/S0022143000023327, 1974.

Wernecke, A., Edwards, T. L., Nias, I. J., Holden, P. B., and Edwards, N. R.: Spatial probabilistic calibration of a high-resolution Amundsen1135

Sea Embayment ice sheet model with satellite altimeter data, The Cryosphere, 14, 1459–1474, https://doi.org/10.5194/tc-14-1459-2020,

2020.

Wild, C. T., Alley, K. E., Muto, A., Truffer, M., Scambos, T. A., and Pettit, E. C.: Weakening of the pinning point buttressing Thwaites

Glacier, West Antarctica, The Cryosphere, 16, 397–417, https://doi.org/10.5194/tc-16-397-2022, 2022.

Williams, C. R., Thodoroff, P., Arthern, R. J., Byrne, J., Hosking, J. S., Kaiser, M., Lawrence, N. D., and Kazlauskaite, I.: Calculations1140

of extreme sea level rise scenarios are strongly dependent on ice sheet model resolution, Communications Earth & Environment, 6, 60,

https://doi.org/10.1038/s43247-025-02010-z, 2025.

Wilner, J. A., Morlighem, M., and Cheng, G.: Evaluation of four calving laws for Antarctic ice shelves, The Cryosphere, 17, 4889–4901,

https://doi.org/10.5194/tc-17-4889-2023, 2023.

Yu, H., Rignot, E., Seroussi, H., and Morlighem, M.: Retreat of Thwaites Glacier, West Antarctica, over the next 100 years using various ice1145

flow models, ice shelf melt scenarios and basal friction laws, The Cryosphere, 12, 3861–3876, https://doi.org/10.5194/tc-12-3861-2018,

2018.

Yu, H., Rignot, E., Seroussi, H., Morlighem, M., and Choi, Y.: Impact of iceberg calving on the retreat of Thwaites Glacier, West Antarc-

tica over the next century with different calving laws and ocean thermal forcing, Geophysical Research Letters, 46, 14 539–14 547,

https://doi.org/10.1029/2019GL084066, 2019.1150

Zhao, C., Gladstone, R., Zwinger, T., Gillet-Chaulet, F., Wang, Y., Caillet, J., Mathiot, P., Saraste, L., Jager, E., Galton-Fenzi, B. K., Christof-

fersen, P., and King, M. A.: Subglacial water amplifies Antarctic contributions to sea-level rise, Nature Communications, 16, 3187,

https://doi.org/10.1038/s41467-025-58375-4, publisher: Nature Publishing Group, 2025.

Zoet, L. K. and Iverson, N. R.: A slip law for glaciers on deformable beds, Science, 368, 76–78, https://doi.org/10.1126/science.aaz1183,

2020.1155

58

https://doi.org/10.1017/CBO9780511612336
https://doi.org/10.1177/10943420231183688
https://doi.org/10.3189/S0022143000024709
https://doi.org/10.3189/S0022143000023327
https://doi.org/10.5194/tc-14-1459-2020
https://doi.org/10.5194/tc-16-397-2022
https://doi.org/10.1038/s43247-025-02010-z
https://doi.org/10.5194/tc-17-4889-2023
https://doi.org/10.5194/tc-12-3861-2018
https://doi.org/10.1029/2019GL084066
https://doi.org/10.1038/s41467-025-58375-4
https://doi.org/10.1126/science.aaz1183

