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Abstract. The glaciers of the Amundsen Sea Embayment (ASE) are some of the fastest-thinning in Antarctica. Future ice loss

from this region depends on the trajectory of ocean warming. However, the response of glaciers to this warming depends to

some extent on how they are initialised, or calibrated, to match observations. The relative importance of these dual factors of

forcing and initialisation remains poorly understood. We carry out climate scenario-forced, synchronously coupled ice-ocean

simulations of the ASE extending to the 23rd century. We conduct four experiments varying ice-sheet initialisation method5

(Snapshot versus Transient Calibration) and far-field ocean forcing (baseline climatology versus an RCP8.5 scenario). We find

that the mode of ice-sheet initialisation dominates the trajectory of Thwaites Glacier volume loss throughout the 21st century,

while climate forcing emerges as the primary control in subsequent centuries — a contrast explained by the low buttressing

of Thwaites ice shelf prior to substantial grounding-line retreat. Under RCP8.5 forcing, Thwaites alone contributes up to 2.6

mm/a sea-level equivalent by 2200 following its retreat past Upper Thwaites Ridge, with the full ASE exceeding 3.2 mm/a.10

Under current ocean conditions, loss rates stabilise near 1.7 mm/a, partly due to growth of pinning points due to a thicker ice

shelf compared to RCP8.5. Our results suggest that ASE ice loss remains sensitive to climate forcing even after retreat into

the deep interior, implying that emissions mitigation could delay the trajectory of sea-level rise from this region – but that the

effects of mitigation would not be felt for nearly a century.

1 Introduction15

The glaciers in the Amundsen Sea Embayment (ASE) stand out among Antarctic glaciers in terms of high rates of mass loss

and grounding-line retreat (Shepherd et al., 2019; Rignot et al., 2019; Scheuchl et al., 2016; Milillo et al., 2019), high velocities

(Rignot et al., 2011; Gardner et al., 2018), and strong ocean-driven melt rates and ice-shelf thinning (Adusumilli et al., 2020;

Gourmelen et al., 2025; Dutrieux et al., 2014; Jenkins et al., 2018; Paolo et al., 2015; Davison et al., 2023). From 1992 to 2017,

Pine Island and Thwaites Glaciers, the two largest glaciers in the ASE, together contributed approximately 4 mm sea level rise20

(Shepherd et al., 2019), and instantaneous melt rates in excess of 100 m/a were inferred under some regions of the Thwaites

ice shelf (Milillo et al., 2019; Gourmelen et al., 2025).

The high rates of ice loss are in large part due to the loss of ice-shelf buttressing associated with ice-shelf thinning (Shepherd

et al., 2004; Pritchard et al., 2012; Reese et al., 2018b), although calving is thought to play an important role (Joughin et al.,
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2021). The high melt rates, in turn, are caused by warm Circumpolar Deep Water (CDW) intrusions on the continental shelf25

through deep bathymetric troughs (Walker et al., 2013; Wåhlin et al., 2010), driven by an along-slope undercurrent (Haigh et al.,

2026). It seems likely that CDW will increase on the Amundsen continental slope in the future: regional ocean models forced

by output from global coupled climate projections (Taylor et al., 2012) show warming temperatures on the ASE continental

shelf (Jourdain et al., 2022; Naughten et al., 2023a; Turner et al., 2025). Moreover, Naughten et al. (2023a), using a large

ensemble of ocean model runs forced by output from a coupled climate model (Kay et al., 2015), saw no significant difference30

in the level of warming between the RCP 8.5 scenario and one in which a 2◦C warming target is met – meaning such warming

is potentially unavoidable, at least in the 21st century.

Neither of the above studies examined the impact of this warming – or that of the differential levels of warming under

different pathways – on grounded ice-sheet loss. To do so requires representation of ice-sheet physics, since the inland response

to ice-shelf removal depends on the stress state of the ice sheet-ice shelf system (Fürst et al., 2015; Reese et al., 2018a; Goldberg35

et al., 2019; Gudmundsson et al., 2023). Moreover, the thinning of ice shelves and retreat of grounding lines can modify ocean-

driven melt in a number of ways, such as (i) changing the depth of the ice-shelf base and hence the extent of exposure to

warmer waters; (ii) allowing new pathways for CDW to reach the grounding line; and (iii) altering ocean circulation within or

near cavities, leading to stronger currents and more efficient “flushing” of cold melt water (Holland et al., 2023). Of these, (i)

can be represented somewhat by using a depth-based parameterisation for melt in a dynamic ice model (Cornford et al., 2020),40

but (ii) and (iii) pose feedbacks that require a fully coupled model of ice and ocean dynamics (De Rydt and Naughten, 2024).

Glaciological theory suggests a positive feedback where a marine ice sheet overlies an inland-deepening bed that could lead

to rapid, irreversible ice loss (the Marine Ice Sheet Instability; Weertman, 1974; Schoof, 2007), and ice-sheet simulations with

parameterised melt suggest this could lead to catastrophic loss from the ASE sector within several centuries (Joughin et al.,

2014; Seroussi et al., 2024). It is therefore critical to study the effects of warming with coupled ice-ocean modeling, as the45

interactions described above could either slow or accelerate this process.

Coupling of ocean and ice-sheet models, however, introduces a question of how the ice-sheet model should be initialised.

The ice sheet is not in steady state at the start of the coupled simulation, and any inherent model trends could strongly influence

coupled evolution, at least initially. Using a coupled ice-ocean model of Smith Glacier, an ASE glacier to the west of Thwaites,

Goldberg and Holland (2022) showed that the mode of initialisation of the ice model initially had a larger impact on rates of50

ice loss than climate forcing, but after 2-3 decades, climate forcing mattered more. This result would suggest that initialisation

is unimportant for century-scale coupled simulation – though this could be a function of the specific domain studied. Lowry

et al. (2021) argues that for Antarctic ice loss, different emissions scenarios do not differentiate within the 21st century. One

might expect, therefore, that the relative influence of climate and initial state may not “cross over” on this time scale either

when examining larger domains – but this has not been tested.55

In this study, we carry out coupled ice sheet-ocean simulations of the ASE into the 23rd century. We vary the method

of coupled model initialisation, based on the observations used to constrain the dynamic parameters of the ice-sheet model

(velocities and surface elevation change, or velocities alone). We also vary the far-field ocean forcing between present levels,

and those based on climate model outputs generated under an SSP5-85 scenario (Seroussi et al., 2024), for a total of four
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multi-century experiments. We observe varying responses across the major ASE glaciers: Smith has short-lived dependence on60

initialisation (in line with Goldberg and Holland, 2022), while Thwaites ice loss is determined by initialisation well into the

22nd century, with Pine Island in between. Our results also comprise the first high-resolution, multi-century coupled ice-ocean

simulation of the ASE forced by projected climate change, and give insight into the pathways through which ice loss may

occur.

2 Methods65

Given nonstandard use of two models and their coupling, we describe here our ocean modelling methodology, ice-sheet mod-

elling methodology, and coupling methodology. We describe all data sources within the appropriate subsection.

2.1 Ocean Modelling

We use the MITgcm (Marshall et al., 1997), which has been adapted for circulation within ice-shelf cavities (Losch and

Heimbach, 2007; Dansereau et al., 2014). Furthermore, we use a version of the code which allows online evolution of the70

cavity geometry, which is important for ice-ocean coupling; details are given below.

2.1.1 Model domain and geometry

The ocean domain includes the cavities of Thwaites, Pine Island and Smith, and extends ∼ 100 km past the ice shelves (Fig.

1). A Cartesian mesh is used within a polar stereographic projection, with a uniform resolution of 1250 m over most of the

domain (see Sec. 2.2). Vertical resolution is 25 m, with a z-vertical coordinate system. At the ocean-facing lateral boundaries,75

we impose temperature, salinity, and velocity from monthly files. These boundary files are described in Section 2.1.2.

The bathymetry and ice base used by the ocean (and ice) model is based on BedMachine-Antarctica v3 (Morlighem et al.,

2020a; Morlighem, 2022). However, models of ice-ocean interaction often underestimate deep melt rates for Pine Island, po-

tentially because BedMachine bathymetry is too shallow in its cavity. Bett et al. (2024) addressed this by deepening bathymetry

(only where ice is floating according to BedMachine) to allow a minimum depth of the ocean column at C-grid locations. In80

their study they deepened by up to 280 m throughout the entire domain; in this study, we deepen by at most 100 m (which is

within the uncertainty of the under-ice shelf BedMachine bathymetry) and only within the Pine Island cavity.

2.1.2 Downscaling of forcings

To obtain boundary forcings, we use outputs of two regional models: (i) the regional model of Naughten et al. (2023a), which

was forced by an ensemble of CESM1 simulations under the RCP 8.5 scenario to 2100; and (ii) the RCP 8.5 scenario of the85

Community Earth System Model (CESM2-WACCM), run to 2300. The latter was provided through the ISMIP6-2300 protocol

(Seroussi et al., 2024).
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Monthly files of boundary condtions are generated from these products. The temperature and boundary conditions Tbound in

year y and month m can be described as:

Tbound(y,m) = T
(clim)
N (m)+ (TCESM2(y,m)−TCESM2,0). (1)

Here T
(clim)
N is a monthly climatology of the Naughten ensemble mean for the period 2000-2010, and TCESM2(y,m) is90

CESM2 temperature. The latter is provided annually, therefore it is interpolated linearly in time to the appropriate month in

the calculation above. TCESM2,0 corresponds to 2005, taken as the nominal year of the Naughten climatology. All terms on

the right hand side are spatially interpolated (in the horizontal and vertical) to our ocean model boundary. Boundary salinities

(Tbound(y,m)) are produced similarly. As the ISMIP6-2300 forcings only provide temperature and salinity we use velocities

from the Naughten ensemble mean to 2100. Since a noticeable trend in velocities is not seen, we use a 2090-2100 monthly95

climatology of velocity beyond 2100. The temporal change in temperature along the northern and western boundaries is shown

in Fig. 2.

The model used by Naughten et al. (2023a) exhibits spurious convection, which could unrealistically cool the continental

shelf. The convection is episodic, and occurs in different years in each ensemble member, thus we minimise the effect by

averaging over the ensemble. The CESM2-WACCM outputs were selected because the warming at depth on the boundaries100

of our ocean domain is more modest than in the other climate models selected for ISMIP6-2300. It also is an updated version

of the model downscaled by Naughten et al. (2023a) which may provide some level of concordance, but this has not been

investigated.

2.1.3 Ice-shelf melt near grounding line

Despite the adjustments to ocean bathymetry above, melt rates remain too low near the grounding line, at least for Pine Island,105

when using a standard parameterisation for ice-shelf melt and commonly used parameters. The parameterisation of Dansereau

et al. (2014) is based on a shear-driven boundary layer (Holland and Jenkins, 1999) in which turbulent mixing is derived

from far-field currents. In MITgcm the velocity in the adjacent cell is used, which is related to shear through a frictional drag

parameter CD. In Figs. 3a-c we show mean modelled 2010-2020 melt-depth profiles under Pine Island. In these runs, the ice

geometry was held steady, in contrast to the evolving cavities in the coupled runs (Sec. 2.1.4). They are compared against a110

high-resolution remotely-sensed product for the same period (Gourmelen et al., 2025; Goldberg et al., 2026). With a value of

CD = 0.006 (Fig. 3a), values are in rough agreement above 400 m, but underestimate by up to 75% at depth; such a melt field

leads to spurious thickening of the ice shelf and advance of the grounding line in a coupled model (not shown). While such a

value of CD is smaller than that found from in-situ measurements on another Antarctic ice shelf (Jenkins et al., 2010), a much

larger value of CD = 0.014 (Fig. 3b) still gives values up to 50% too low at depth.115

The deficit is likely because model resolution may be too coarse to represent currents in thin ocean columns. A pragmatic

approach is taken here: the exchange velocities γT and γS , which facilitate heat and salt transfer at the ice-ocean interface,

are allowed to transition gradually, from the velocity-dependent form of Dansereau et al. (2014) to being directly specified as
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constants γT0, γS0 (Grosfeld et al., 1997). This prevents lowering of melt in regions where currents are limited due to model

resolution or unrepresented physics.120

Details of this modified melt formulation are given in Reed et al. (2026). In that work, the authors carry out an optimisation

of parameters through comprehensive statistical sampling using a coupled ice-ocean ensemble, whereas in this work we choose

parameters heuristically, based on a small number of samples with a static ice-shelf simulation. Our selected parameters are

CD = 0.006 and γT0 = 1.2×10−4 (γS0 is set based on a fixed ratio in MITgcm). As shown in Fig. 3c this results in an improved

profile. We choose our transition depth such that melt is completely independent of ocean velocity for column thickness below125

100 m, since smaller transition depths give less favorable results (not shown). Our modified melt formulation and chosen

parameters lead to shelf-wide melt estimates larger than those observed; this is likely due to small overestimates at shallow

depths, which cover a larger area (Fig. 3d). Since our priority is accurate melt rates in regions most important to the grounded

ice, such as near the grounding line, this is acceptable for the present study.

2.1.4 Evolving ocean geometry130

We use a version of MITgcm modified to allow for synchronous changes in ice shelf base (Jordan et al., 2017; Gadi et al., 2023)

and grounding line (Goldberg et al., 2018; Bett et al., 2024). The upper surface changes at the ocean time step in response to

changes in ice shelf mass in mass-, heat- and salt-conservative fashion. Grounding line change is facilitated by maintaining a

thin ocean layer (∼2 m) under grounded ice. When grounded ice thins, this layer can then inflate naturally as water flows in to

equalise the ocean pressure. A conservative porous flux parameterisation facilitates this flow in the case where is no pathway135

within the ocean domain for water to move into the new cavity.

The synchronous approach means that heat and salt do not need to be added or removed heuristically to newly formed ocean

cells when the cavity grows, and currents need not be adjusted to conserve barotropic transport and avoid shocks (De Rydt

and Naughten, 2024). There are drawbacks as well: as we do not “dig” the bathymetry like some ice-ocean models in order to

impose minimum ocean columns (Yung et al., 2026), strong currents can arise in very thin ocean columns, for instance near140

ice-shelf pinning points, which can become unstable. To prevent this, we introduce a new scaling of the quadratic bottom drag

coefficient CBD :

CBD = αCBD,0 +(1−α)CBD,max, α=
1

2

(
1+ tanh

(
D−Ddrag

Ddrag/4

))
, (2)

where CBD is the bottom drag coefficient for thick ocean columns. With a value of 37.5 m for Ddrag, bottom drag is increased

relative to thick columns when the column depth is below 50 m, reaching a maximum below 25 m. A value of CBD,max ten

times that of CBD is used, which ensures stability in these regions.145

The coupling approach also means that as grounded ice is lost, the sea level within the domain rises strongly due to fixed

velocities on the boundaries. To counter this, we add an outflowing barotropic velocity at the boundaries equal to η/∆t, where

η is mean open-ocean sea level relative to a reference zero state and ∆t is the ocean time step (Snow et al., 2017). It is a similar

mechanism to that ensuring that imposed boundary velocities do not add or remove volume, commonly used in MITgcm

regional configurations.150

5

https://doi.org/10.5194/egusphere-2026-3779
Preprint. Discussion started: 7 July 2026
c© Author(s) 2026. CC BY 4.0 License.



2.2 Ice-sheet modelling

We use STREAMICE, the ice-sheet component of MITgcm (Goldberg and Heimbach, 2013). It solves the higher-order DIVA

balance (Goldberg, 2011; Lipscomb et al., 2019; Robinson et al., 2022) using a mixed finite element-finite volume method on

a rectangular grid. The extent of the domain is shown in Fig. 1; the model captures most of the flow catchments of Thwaites

and Pine Island Glaciers, and all of Smith. Mesh resolution is 1250 m for the region x <−1400 km and y <−120 km. Beyond155

these locations, the mesh “accordions” outward similarly to Barnes et al. (2021), with a maximum spacing of ∼2.5 km.

STREAMICE implements the regularized-Coulomb friction sliding law of Cornford et al. (2020):

τ b =− α2β2N |u|1/m
(
β2m|u|+(α2N)m

)1/m
|u|−1u (3)

where τ b is basal drag; u is sliding velocity; and N is effective pressure – which is set assuming water pressure is hydraulically

connected to the ocean. As in Cornford et al. (2020), m= 3. In general, Eq. 3 asymptotes to a Coulomb-plastic sliding law

within ∼10 km of the grounding line, while further inland it is similar to Weertman-type sliding (Joughin et al., 2019; Goldberg160

et al., 2026). β is in general spatially varying, as is B, the coefficient of the strain-rate invariant in Glen’s flow law (Glen, 1955;

Cuffey and Paterson, 2010) that determines the nonlinear viscosity.

2.2.1 Snapshot calibration

Marine ice-sheet models requite initialisation to ensure they have reasonable sensitivities and responses to climate forcing. A

common approach is to calibrate the constitutive parameter fields β and B based on satellite-inferred velocities with a given165

bed and thickness. The method proceeds by defining a cost function (Morlighem and Goldberg, 2023) that penalises misfit

with observations, while also limiting nonphysical spatial variations in the parameters (the latter is called regularisation). Such

a calibration is often referred to as “snapshot” since it does not involve time-dependence. Our snapshot calibration is based on

that of Barnes et al. (2021) and Goldberg and Holland (2022). BedMachine geometry is imposed and MEaSUREs velocities

(Rignot et al., 2017) are used for calibration. The initial guess for B follows from the temperature solution of Van Liefferinge170

and Pattyn (2013), and deviations from this field over grounded ice are penalised. Regularisation parameters for β and B follow

from Goldberg et al. (2019).

2.2.2 Transient calibration

Since glacial flow is non-inertial, i.e. the motion does not depend on its history, a snapshot calibration should in theory provide

a reasonable dynamic representation of the ice sheet. Observational errors and temporal mismatch of thickness and velocity,175

however, can lead to spurious dynamic behaviour (Goldberg et al., 2015; Goldberg and Holland, 2022; Badgeley et al., 2025;

Goldberg et al., 2026). Therefore we carry out an additional calibration (“transient” calibration), in which the cost function

is based on the output of a time-evolving model and has an added term to penalise misfit of surface elevation change with

observations.
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The procedure is based on that of Goldberg and Holland (2022). The ice model is run from 2013 (the nominal date of180

BedMachine) until 2018, and the mean surface elevation change rate is compared with that of Shepherd et al. (2019), a radar-

based 5 km product that covers Antarctica. Velocity misfit with MEaSUREs is calculated after 1 year (as opposed to the initial

velocity or velocity after 5 years); this is in order to use a date within the product’s temporal range (1996-2016), while also

allowing for sub-annual adjustment due to temporal data mismatch of data sources. During the 5-year calibration window the

model is forced by the time-mean melt rate field generated with our selected parameters (Sec. 2.1.3) and the same surface mass-185

balance field as the coupled model (Sec. 2.3). As in the snapshot calibration, optimal parameter fields are found iteratively;

snapshot-derived parameter fields serve as initial guesses. We limit the elevation change calibration region to grounded ice,

and further to where thinning rate is greater than 0.5 m/a (cf a threshold of 1.0 m/a in Goldberg and Holland, 2022), to ensure

we are capturing signals of dynamic change.

Results of the calibration are shown in Fig. 4. The snapshot calibration yields an initial velocity field that matches well with190

observations (Figs. 4d,e) but leads to spurious thickening in the trunk of Pine Island and excessive thinning on Thwaites over

the next 5 years (Figs. 4a,b). One year into the transient calibration, velocities are broadly similar to the observed values, with

the largest different being low velocities on the Thwaites western ice shelf (Figs. 4d,f), which could be due to ice-shelf thinning.

In terms of 5-year elevation change, however, far better agreement with observations is seen with transient calibration (Figs.

4b,c), with the correct level of thinning on all glaciers. Each calibration experiment produces a (β,B) pair which provides ice195

inputs in the appropriate coupled simulation.

We note that some snapshot approaches include a cost term that penalises misfit with observed thinning rates (e.g., Arthern

et al., 2015; De Rydt and Naughten, 2024), which may or may not be followed by a timd-dependent “relaxation” that is meant

to further ensure a transient state consistent with observations van den Akker et al. (2026). We do not include thinning rates in

our snapshot cost function, and it is difficult to say how their inclusion would affect the results in Fig. 4b. Still, we present two200

different calibrations representing commonly used approaches in ice-sheet modeling, in order to determine how important the

different approaches are, and for how long.

2.3 Ice-ocean coupling

While STREAMICE and the MITgcm ocean model can run within the same executable on the same grid (as in Goldberg and

Holland, 2022), doing so in this study would waste computational resources by solving ocean physics where it is not needed.205

Instead a newly-developed approach similar to Bett et al. (2024) is used. The model is divided across two executables: one, the

ICE executable, solves for ice velocities everywhere and evolves ice thickness outside of the OCEAN domain (dashed lines in

Fig. 1). The OCEAN executable evolves ocean dynamics, as well as ice thickness, within the OCEAN domain, but does not

solve for ice velocities. It evolves ice thickness through an ice-sheet “stub”: the STREAMICE code runs within this executable,

with ice thickness H updating on the ocean time step according to the mass conservation equation (Cuffey and Paterson, 2010)210

∂H

∂t
+∇ · (Hu) = ȧ− ṁ (4)
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where u is the depth-averaged velocity vector, ȧ is surface mass balance and ṁ is melt rate (positive where melting). Within

the “stub”, Eq. 4 updates at the ocean time step, with ṁ updated at each time step. u, which is expensive to calculate, is not

calculated in the stub but instead copied over from the ICE executable and held constant over a given period i.e. the coupling

frequency Tcpl (which is some integer multiple of the ocean time step).215

The coupling scheme proceeds as follows, beginning at an aribitrary time T , where T is a multiple of Tcpl from the starting

time of the simulation:

1. The ICE executable solves for velocity, and evolves thickness over one time step of length Tcpl, i.e. from time T to

T +Tcpl, over the whole ICE domain. Within this step, ṁ is set to zero (as ice-shelf thickness is overwritten, see below).

2. The ice-sheet velocity is extracted and provided as inputs to the OCEAN executable; since STREAMICE implements220

explicit time-stepping, the velocities correspond to ice thickness at time T .

3. In addition, ice thickness at the time T is provided at the boundary of the OCEAN grid, to provide a boundary condition

for Eq. 4.

4. The OCEAN executable then is run from T to T +Tcpl on the ocean timestep, beginning from its exact state at T (the

end of the previous coupling cycle).225

5. The ice-sheet thickness within OCEAN at time T+Tcpl then replaces ice thickness in ICE where the model grids overlap,

allowing the ICE executable to advance to T +2×Tcpl.

An important point about the above scheme is that while the ocean model is stopped and restarted, the coupled evolution is

synchronous in that the ocean evolves continuously with ice-sheet geometry. At each coupling step there is a step-change in

ice velocity as seen by the OCEAN domain, but the thickness of the ice evolves continuously since the ocean model “owns”230

the ice thickness within its domain.

A Tcpl of 10 days is used in our experiments (in contrast to an ocean time step of 100 s, necessary due to the strong currents

and model resolution). Over the coupling period the change in ice thickness is sufficiently small that holding ice velocity

constant (within the OCEAN domain) is a good approximation, while the computational cost of calculating ice-sheet velocity

with this frequency is negligible relative to the cost of the ocean code. (The only reason a smaller Tcpl is not used is due to235

the large number of data files produced.) At the boundary between the ocean domain and the inland ice-sheet domain, there is

effectively a discontinuity in the time step of Eq. 4. Discontinuities in ice-sheet thickness and velocities do not arise, so it is

assumed that at this location, the time-average of the OCEAN solution of Eq. 4 well approximates that of ICE.

The inland extent of the ocean model is chosen conservatively based on expected grounding line retreat. In instances where

the Thwaites grounding line retreated further than expected, the ocean model was expanded via manipulation of the MITgcm240

restart files (binary files that encapsulate the model “state”) as a one-off process (Fig. 1).

We carry out four experiments in all, based on two modes of ice-sheet calibration: transient or snapshot; and two far-field

ocean forcings: bias-corrected CESM2 RCP85 outputs, and “Baseline” forcing i.e. the 2000-2010 climatology from Naugh-
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ten et al. (2023a) (Sec. 2.1.2). We will sometimes for brevity refer to these below as e.g. TCBase, Snap85, for transiently-

calibrated, baseline-forced and snapshot-calibrated, RCP85-forced, respectively. In all coupled experiments, ice-sheet surface245

mass balance, applied to Eq. 4 within both the ICE and the OCEAN model, is the time-average of Van Wessem et al. (2014),

and does not evolve.

As described in Sec. 2.1.4, running an ocean model continously for centuries with arbitrarily evolving geometry makes the

model susceptible to numerical instability. Rapid grounding line retreat over complex topography (which is likely in future

centuries in the ASE) is expected to cause rapid ice and oecean adjustment. All of our simulations reach a point at which250

grounded thinning rates are an order of magnitude larger than today with grounding-line retreat rates on the order of tens of

kilometers per year, and the associated strong currents and thin ocean columns lead to numerical instability and failure. Despite

this, we are able to carry out coupled simulations over multiple centuries and analyse the pathways that lead to this point of

strong loss.

2.4 Flow catchments255

In our results and analysis it is useful to divide our model domain into separate flow catchments for Pine Island, Thwaites and

Smith glaciers (e.g., Fig. 8). In order to do so we use the delineations of Mouginot et al. (2017). For simplicity, however, we

combine the Haynes catchment with Thwaites, and our “Smith” catchment is the combined Smith, Pope, and Kohler catchments

(together with Crosson and Dotson ice shelves).

3 Results260

Volume above Floatation (Vaf ) indicates the ice mass in a domain that will contribute to sea level if it melts (Dupont and Alley,

2005; Greve and Blatter, 2009) and is a common way of examining ice-sheet change over time; this metric is calculated for all

four experiments, and for each of the Pine Island, Thwaites, and Smith catchments (Figs. 5a-c). Corresponding rates of change

of Vaf (Figs. 5d-f) and ice-shelf total (area-integrated) melt (Figs. 5g-i) are shown as well.

Each simulation terminates at a different time, with Snap85 experiencing model failure in ∼2170 and TCBase almost a265

century later. In each catchment, the initial behaviour of each Transiently-calibrated experiment is similar to one another, and

similarly for Snapshot-calibrated experiments. This similarity erodes over time, but on very different time scales depending on

the catchment. For Smith, by around 2050, dVaf

dt , the rate of change of Vaf , for the two RCP85-forced experiments exhibit very

similar behavior, which is distinct from the two Baseline experiments (Fig. 5f) – a result consistent with Goldberg and Holland

(2022). In contrast, total Vaf loss and dVaf

dt for Thwaites depend very strongly on calibration type, and very weakly on climate270

forcing, throughout the 21st century (Figs. 5b,e).

In general, for melt rates the dependence on climate emerges earlier relative to that of Vaf loss – which is not surprising

given it is more directly tied to the forcing. This is clear for Pine Island, for instance, where the difference in melt rate between

TC85 and TCBase is similar to the difference between TC85 and Snap85 from mid-21st century. For Thwaites, the TC85-

TCBase melt difference is relatively small, but non-negligible, during the latter part of 21st century, and similarly for the275
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Snapshot-calibrated experiments. To make this concept of “emergence” of climate dependence more concrete, we introduce an

emergence ratio:

remerge(t) =
∆climate(t)

∆calib(t)
, (5)

where

∆climate(t) =
1

2

(∣∣(·)TC85(t)− (·)TCBase(t)
∣∣+

∣∣(·)Snap85(t)− (·)SnapBase(t)
∣∣
)
;

∆calib(t) =
1

2

(∣∣(·)TC85(t)− (·)Snap85(t)
∣∣+

∣∣(·)TCBase(t)− (·)SnapBase(t)
∣∣
)
,

and the quantity (·) in ellipses can be either Vaf , rate of change of Vaf , or melt. In other words, remerge is the ratio at a certain280

time of the absolute difference arising from climate (averaged over the types of calibration) to that arising from calibration

(averaged over the two forcings). remerge is plotted up to 2150 for dVaf

dt (Fig. 6a) and for melt (Fig. 6b) for each catchment.

While there is no definitive threshold to establish the emergence, qualitative differences can be seen in terms of dVaf

dt . For

Smith, the ratio rises above 1 by 2050, whereas aside from a small spike in 2160, the ratio for Thwaites remains < 25% until

2090. The ratio for Pine Island, while remaining below an arbitrary threshold of 0.75 until after 2100, increases steadily through285

the 21st century. Meanwhile, for melt, the ratio becomes significant for Thwaites (and other catchments) in the early parts of

the 21st century.

Comparing ocean bottom temperatures between Baseline and RCP85-forced simulations suggests a potential reason for the

small proportional impact of climate scenario on Thwaites in the 21st century (compared to Pine Island). The difference in

bottom temperatures in 2100 between TC85 and TCBase are shown in Fig. 7a. While the Pine Island cavity has warmed290

2◦ or more in most places, most of the Thwaites cavity has warmed by 1◦ or less. This could reflect cooling of CDW as it

circulates first through Pine Island cavity and then into Thwaites (Gourmelen et al., 2025). Still, the Thwaites increase in melt

due to forcing is not negligible; in 2100, the magnitude of increase is on the order of 2013 melt rates (∼60 Gt/a).

After the Vaf loss rate of Thwaites becomes ∼1 mm/a Sea Level Equivalent (SLE) – which happens in ∼2120 for the

Snapshot-calibrated experiments and ∼2150 for the Transient-calibrated ones – the loss rate trajectories are similar for each295

RCP85-forced experiment independent of calibration type, albeit staggered by three decades. The same is true for the Baseline-

forced experiments. All experiments experience a slight decrease in loss rates toward the end of the simulation, seen as a local

maximum in the dVaf

dt curve. The decreases all correspond to when the grounding line is coincident with Upper Thwaites Ridge

(UTR; Fig. 7b, location of ridge Fig. 7a). UTR is noted as a stabilizing feature by Schwans et al. (2023).

After retreating past the ridge, Thwaites exhibits strong acceleration of loss in the RCP85-forced experiments, with the300

annual loss accelerating at a rate of ∼0.3 mm/a2 SLE, and losing 1000 Gt/a (2.75 mm/a SLE) at the point of model failure.

While losses from a single glacier are unprecedented in modern observations, we point out that this rapid ice loss alone does

not necessarily indicate the presence of the Marine Ice Sheet Instability, and discuss this point further in Sec. 4.3. The Baseline-

forced runs, on the other hand, maintain high loss rates (up to 1.7 mm/a SLE) but do not show such strong acceleration.
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It is instructive to examine the spatial details of the differences among the experiments. Melt rate and grounded thinning305

rate at the point of model failure are shown in Fig. 8. As mentioned, this occurred at different times in each experiment, which

limits quantitative comparison between the states, particularly between the Baseline- and RCP85-forced runs. However, we

argue below that the Baseline- and RCP85-forced runs are in qualitatively different states, and it is through this lens that they

are analysed.

The RCP85-forced runs (Figs. 8c,d) have higher melt rates, and much stronger thinning at the southern grounding line of310

Thwaites, than the Baseline-forced experiments (Figs. 8a,b) – though in the latter there are very strong thinning rates in the

southeast corner of the ice shelf. The grounding line in the Baseline-forced experiments has retreated further at the point of

failure than in the RCP85-forced runs, and is coincident with an “Unnamed” inland ridge (Fig. 7a). Importantly, retreat from

UTR has not translated to the strong acceleration seen in the RCP85-forced runs; in fact, the steadying of Vaf loss at 1.7

mm/a SLE precedes retreat to this ridge (not shown). Grounded ice velocities (Fig. 9) are consistent with thinning rates: in the315

RCP85 experiment (Fig. 9b) there are high speeds along the southern grounding line – nearly 7500 m/a – but in the Baseline

experiment (Fig. 9a) they are much smaller in this region.

Fig. 9 also shows grounding line retreat speed. Rather than presenting as temporally equispaced contours (Schwans et al.,

2023, e.g.,) we calculate the speed as in Bett et al. (2024), using the quantity

∆xgl/∆tgl, (6)

with ∆tgl the time from when any of a cell’s neighbors goes afloat until that cell goes afloat, and ∆xgl is the distance between320

those cells. In both forcing scenarios, there is slowed retreat over Upper Thwaites Ridge. In the Baseline-forced run, there is

very fast retreat in the southeast corner of Thwaites ice shelf prior to (and likely resulting in) model failure. This is likely due

to retreat into the deep Byrd Subglacial Basin (Fig. 7, see also Jordan et al., 2010), which does not occur in the RCP85-forced

runs, at least prior to model failure.

Fig. 9 only plots results from the Transiently calibrated experiments. This is because in the case of Thwaites and Smith,325

results are very similar between the initialisation types. The same is not true for Pine Island: the only simulation with significant

Pine Island grounding line retreat is TC85; the Transiently-calibrated and Snapshot results are qualitatively different, indicating

very different trajectories despite the similarities seen in Fig. 5d,g. We note as well that in SnapBase, the Pine Island grounding

line advances to Jenkins Ridge, which is unlikely even in the absence of warming Reed et al. (2024). Fig. 8 shows that in all

experiments, the retreat of Thwaites impinges on the Pine Island catchment; and it is possible that a component of the loss330

(and melt) in Fig. 5d,g really belongs to Thwaites, which could explain some of the similarity between TC85 and Snap85, and

between TCBase and SnapBase, in Fig. Fig. 5d,g.
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4 Discussion

4.1 Ephemeral grounding of Thwaites ice shelf in the Baseline experiments

In the Baseline experiments (TCBase and SnapBase) there is continued grounding line retreat past Upper Thwaites Ridge, but335

grounded velocities and thinning are lower along the southern grounding line than in TC85 and Snap85 (Figs. 8, 9) and there

is not the same sharp acceleration seen in Vaf loss. Rather, loss rates remain steady for several decades, oscillating around

∼1.7 mm/a SLE (Fig. 5). Fig. 10 plots incremental 6-month changes in Thwaites ice shelf speed over the final 12.5 years of

the TCBase simulation, showing alternating 2-3 year periods of overall acceleration and deceleration. The patterns are not

uniform: in the eastern part, acceleration and deceleration seem to nucleate from a region in the southeast of the shelf where340

several pinning points grow and subside, while there is consistent deceleration in the western part of the ice shelf. The western

deceleration is coincident with a growing set of pinning points on the western ice-shelf margin. Pinning points are potentially

important in controlling retreat; Bett et al. (2024) found them to be critical in Thwaites’ evolution.

The grounded area associated with these pinning points is plotted in Fig. 11. The western complex of regrounding steadily

increases in area, while that of the eastern complex oscillates around a decreasing trend. From visual examination, this os-345

cillation does somewhat explain the oscillation in speed over 2268-2274 (Fig. 11a), while the western complex explains the

steady deceleration of the western shelf. It is possible this deceleration and the associated back stress is the reason that strong

acceleration of loss is not seen, while grounding line retreat continues in the southeast of the ice shelf.

We note that pinning point area alone is not an accurate proxy for back stress, which depends on flow speed and effective

stress in areas of contact (and which was unfortunately not saved in our simulation). For this reason, we do not apply rigorous350

statistical analysis to the Fig. 11 time series. Still, the RCP85-forced simulations do not exhibit similar regrounding (not

shown), or such oscillations of Vaf loss rates. Thus we speculate that the reduced melt rates and associated thicker ice shelf

leads to at least temporary stabilisation of loss rates, even after the grounding line retreats past the Upper Thwaites Ridge.

4.2 Persistence of ice-sheet initialisation

Echoing Goldberg and Holland (2022), the relative impacts of ice-sheet initialisation, or calibration, and climate (oceanic)355

forcing are examined, but here the analysis is formalized (Eq. 5) and expanded to Pine Island and Thwaites. It is found that

the impacts of climate emerge relatively quickly (i.e. over 2-4 decades) for Pine Island and Smith, but that calibration strongly

determines Vaf loss for Thwaites throughout the 21st century. The reasons are not immediately clear, as all ice shelves see

higher melt when exposed to warmer far-field ocean conditions (Figs. 5g-h). Proportionately, the increase of Thwaites melt is

smaller than Pine Island; this is a potential reason for the persistence of initialisation.360

But the extent to which grounded ice responds to ice-shelf melt and associated thinning depends on the stress state of the

shelf, and this sensitivity can be quantified in the form of a Buttressing number (Fürst et al., 2016; Gudmundsson et al., 2023).

This number is formed by finding the ratio

rB =
nTRn

1
2ρig(1− ρi/ρw)H

(7)
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where H is ice-shelf thickness; ρi and ρw are ice and ocean densities, respectively; n is the direction in which buttressing is

assessed; and R is the resistive stress tensor:365

Rij = τij + δij
∑

k

τkk, (8)

with τ the horizontal deviatoric stress tensor and δ the Kronecker delta. We adopt the approach of Fürst et al. (2016) by

considering the quantity (1− rB), and computing it throughout the shelf, not just at the grounding line (as in Gudmundsson

et al., 2023). We use modelled velocity as the choice of direction n, unlike Fürst et al. (2016) who considered both flow

and principal stress directions. While these two measures differ quantitatively, we expect flow-direction buttressing to give a370

reasonable representation of sensitivity to melt. As explained in Fürst et al. (2016), we expect the Buttressing number (1−rB)

to go to zero near calving fronts due to the stress boundary condition; and to be close to (or even larger than) 1 where there is

strong compression due to buttressing.

Fig. 12 plots (1− rB) for the ASE shelves in 2013, 2100, and 2200 in the TC85 experiment. According to this metric much

of upstream Dotson Ice Shelf is buttressed, meaning thinning here will have a larger impact on grounded ice. For Pine Island,375

buttressing is high in the shear margins; and on Thwaites, buttressing is high in much of the Eastern ice shelf due to its pinning

point. Along Thwaites grounding line, buttressing is low. The results are qualitatively similar to other results that use grid-based

linear sensitivities to assess levels of buttressing (Goldberg et al., 2019; Gourmelen et al., 2025), and also to the grounding

line assessment of Gudmundsson et al. (2023). By 2100, almost all of Pine Island, Dotson and Crosson ice shelves are highly

buttressed. Meanwhile, aside from the connection with Pine Island formed in place of the “Piglet” glacier (Chien et al., 2025),380

buttressing in Thwaites ice shelf is almost uniformly low. By 2200, Thwaites ice shelf has retreated sufficiently that its margins

exert significant backstress, and buttressing levels are higher – though they still remain low in the centre of the ice shelf and

along the grounding line.

While flow-direction buttressing is only a proxy for the effect of melting on grounded ice, the results suggest low sensitivity

of Thwaites to melt in the 21st century. If this is the case, the trajectory of grounded ice loss is controlled largely by ice385

dynamics upstream of the grounding line. As these dynamics depend more strongly on basal drag, and hence the frictional

parameter field, this largely explains the strong influence of initialisation. The result strongly mirrors that of Gudmundsson

et al. (2023), where three independent ice-sheet models showed little response to a complete loss of the 2013 ice shelf.

In the 22nd century (and, where appropriate, beyond), the ice shelf plays a more dynamic role, as do differences in climate

forcing and melt rates. However, this mechanism assumes an extensive ice shelf that does not weaken over time due to damage390

or calve away. This issue is addressed further in Sec. 4.4.

We note that while buttressing of Pine Island is found to be considerable, and while the emergence of climate forcing

dependence happens relatively early (Fig. 6), calibration type strongly influences grounding line retreat, well past 2100 (Fig.

8). This is due to the strong thickening signal arising from the Snapshot calibration (Fig. 4b), which leads to a fast advance of

the grounding line. It is then difficult, irrespective of forcing, for melt to effect retreat.395
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4.3 The future and stability of Thwaites Glacier

Our simulations are qualitatively in line with previous, ice sheet-only century-scale modelling studies focusing on Thwaites,

showing rapid acceleration of loss rates (Joughin et al., 2014) with intermittent stabilisations (Schwans et al., 2023), and

insensitivity to changes in ice-shelf thickness prior to 2100 (Gudmundsson et al., 2023). In this sense our simulations give

a representation of how the ASE could evolve over the next several centuries, and importantly how this could depend on400

climate-driven far-field ocean conditions.

Moreover, our study couples ice with ocean physics, comprising the first multi-century climate scenario-forced coupled

ice-ocean simulation of the ASE which faithfully represents current ice speeds and thinning rates. Bett et al. (2024) coupled

MITgcm with the WAVI ice-sheet model, but forced by persistent ocean states. Their 180-year “warm” state run saw Thwaites

losing up to ∼1.6 mm/a SLE before retreating to Upper Thwaites Ridge and slowing to ∼1.2 mm/a; compare with our results of405

∼1.8 mm/a slowing to ∼1.6 mm/a over a similar time period in our TC85 experiment. Given Bett et al. (2024) used a different

ice-sheet model and their “warm” far-field profile was cooler than our far-field conditions in our RCP85-forced runs (Figs. 2

and 7 and their Fig. 1), these differences are likely quantitative rather than qualitative. As such our study suggests that, with a

number of caveats (see Sec. 4.4), the ASE glaciers could be contributing more than 3.2 mm/a to sea levels by 2200, under a

strong greenhouse gas forcing scenario.410

The inland deepening bed and widening catchment of Thwaites has led to speculation that Thwaites may be unstable (Scam-

bos et al., 2017) – that a point may have been passed already, or will be passed in the near future, such that drainage (or collapse)

of the entire basin is inevitable, regardless of climate change, or reversal of such change. Hill et al. (2023) found that in its

present state, Thwaites is likely not unstable, but Reese et al. (2023) did not rule out a stability threshold being passed within

several centuries. Schwans et al. (2023) found that Thwaites exhibits instability once it retreats past Upper Thwaites Ridge. In415

our study, we find strong acceleration of Vaf loss after retreat past this point with RCP85 forcing, but a lack of acceleration

with Baseline forcing. This is because of a thicker ice shelf in the Baseline case leading to greater buttressing and pinning point

nucleation. Our experiments do not extend far enough to know whether, in either scenario, collapse will eventually occur, and

thus do not confirm or refute instability. However, they do demonstrate that, even after retreat past an inland obstacle into the

deepest and widest parts of the catchment, evolution is not independent of forcing.420

4.4 Limitations of study

There are a number of limitations to our study. Firstly, we do not consider changes in surface mass balance, an important mass

budget component, when calculating sea level contribution. We consider neither algorithmic uncertainty i.e. uncertainty arising

from numerical details; or model uncertainty, which arises from choices of representation of physics (Aschwanden et al., 2021).

In terms of the latter, we consider only a single sliding law (Eq. 3), and a bed strength parameter field (β2) that does not evolve425

in time. A parameterisation which is relatively new is also used for melt rates where the ocean model cannot represent the

complexity of the ice-ocean interface.
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In addition, we consider a single realisation of future ocean conditions from a single climate model, which could introduce

errors and biase, both inherent to the climate model and through our downscaling. For instance, the bias correction in Sec.

2.1.2 is carried out in z-space, which could introduce spurious heating or cooling if CESM2 and the regional ocean model have430

differing mixed-layer depths. In the future, such bias-correction should be carried out in T/S−space to avoind this (Naughten

et al., 2023b).

Still, the limitation that is likely most relevant to future loss and stability is the lack of implementation of ice-shelf calving

or weakening due to damage, a point bearing consideration. It would be difficult to represent calving in our synchronously

coupled model as each iceberg would need to be tracked and evolved to prevent tsunamis from sudden mass removal (Stern435

et al., 2017). Nevertheless, as the Thwaites grounding line recedes in our experiments, the ice shelf lengthens, providing

buttressing. Ice shelves much longer and wider do exist in Antarctica, but none undergo such high velocities (up to 8 km/a in

our experiments) or are exposed to such high melt rates. If the Thwaites ice shelf were to steadily calve away in our experiments,

there would likely be far less dependence on climate forcing; but there would also likely be much higher loss rates and faster

grounding line retreat.440

Ice shelves and ice tongues have been seen to break up when exposed to strong ocean forcing (Holland et al., 2008; Alley

et al., 2021). Still, there is not an observed analogue for an ice shelf with 1000+ Gt/a fluxing across its grounding line. Such

an ice shelf would be very fast moving, and also very thick: despite high melt rates, strong advective mass fluxes and a deep

grounding line prevent strong thinning of the terminus in our experiments. Such a thick ice shelf could limit the calving rate

in typically used crevasse-depth calving formulations (Nick et al., 2010; Wilner et al., 2023), and might be more resistant445

to weakening due to tidal flexure. High velocities could act against calving-based ice-shelf retreat regardless of mechanism.

Shear-zone damage, which could potentially lead to ice-shelf breakup (Lhermitte et al., 2020) is driven by concentrated strain

rates, generally arising from thinned areas of shelves; again, such a process could be muted by thicker ice. Additionally,

damage creation could be offset by advection of less-damaged into the ice shelf (Surawy-Stepney et al., 2023). The Marine

Cliff Instability (DeConto and Pollard, 2016; Crawford et al., 2021), thought to precipitate rapid calving of thick ice sheets, has450

been shown to be muted for future configurations of Thwaites due to strong dynamic thinning and high velocities (Morlighem

et al., 2024). Without question, reliable and physically consistent representations of calving and damage are very much needed

before the future stability of Thwaites can be assessed. However, we cannot rule out a large, buttressed Thwaites ice shelf in

future centuries; and this implies sensitivity to climate forcing, and potential for stabilisation, when it occurs.

5 Conclusions455

We carry out coupled ice-ocean experiments for the Amundsen Sea Embayment, and investigate the impacts of climate-driven

ocean change and the mode of ice-sheet initialisation. We find the latter to initially be a stronger determinant of ice-sheet

evolution and loss, particularly for Thwaites Glacier, where the effects of initialisation outweigh those of climate for nearly a

century.
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Post-21st century, evolution of Thwaites is more strongly determined by ocean state. Under an RCP85 scenario with a460

CESM2 realisation, Thwaites loses 2.6 mm/a sea level equivalent (and the entire ASE loses over 3.2 mm/a) by 2200 in both

Transiently- and Snapshot-calibrated models. With a forcing unchanged from the early 2000s, loss rates level at 1.7 mm/a SLE

in the mid-23rd century, even as the grounding line moves past a stabilising ridge.

This switch from initialisation to climate-forcing sensitivity post-21st century likely arises as the Thwaites ice shelf lengthens

through grounding line retreat, and higher levels of buttressing develop. The switch also has implications for mitigation of465

anthropogenic sea-level rise. To the extent that ocean warming of the continental shelf is reversible, it suggests that collapse of

a large portion of the ASE (resulting in 65 cm sea level rise, and an additional 55 cm if Pine Island collapses as well. Morlighem

et al., 2020b) could be averted, or at least delayed, through mitigation. But it also suggests that a trajectory resulting from such

mitigation will be indistinguishable from that of no action for many generations, which could raise doubts regarding their

effectiveness at future times. While this does not argue against climate action, it does mean that confidence in coupled ice-470

ocean modelling of Antarctic glaciers needs to be improved.

Code and data availability. MITgcm documentation can be found at https://mitgcm.readthedocs.io. MITgcm checkpoint 69c was used

Campin et al. (2026) for the ice-sheet model, and the specialised branch Campin et al. (2021) was used for the ocean model. Experiment-

specific code, input and scripts, and the model outputs for the figures in this manuscript, can be found in Goldberg (2026). Due to its large

size, the full unprocessed set of coupled experiment outputs is not public-facing, but subsets can be transferred on an individual basis as475

required.
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Figure 1. The figure shows the extent of the ice-sheet model (ICE), while dashed lines give that of the ocean model (OCE, see Section 2.3).

Shading is observed ice-sheet velocity (Rignot et al., 2017). The yellow contour is the grounding line as given by Morlighem et al. (2020a),

while the red contour is that of the final time of the TCBase experiment. Both TC85 and Snap85 are run entirely with the smaller of the

ocean domains while the ocean domains of TCBase and SnapBase are expanded to the larger one at 2200.
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Figure 2. Downscaled temperature anomalies at domain boundaries from the ISMIP6-2300 CESM2 forcing which are added to the 2000-

2010 climatology from Naughten et al. (2023a). (a,c,e,g) temperatures at the northern (left) domain boundary in years 2050, 2100, 2150,

2200, respectively. (b,d,f,h) similar for the western (bottom) boundary.
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Figure 3. (a)-(c) compare melt-depth relationships for Pine Island (black lines) against observed (Gourmelen et al., 2025, , purple lines) for

different melt parameters. The point cloud corresponds to observations as well. The melt-depth curves (modelled and observed) are found

by averaging melt rate in 20 m depth bins over the cavity, and averaging between 2010 and 2020 (the approximate period of the observed

melt). “γT =Nil” indicates that Dansereau et al. (2014) melt formulation is used everywhere. The “cfric = .014, γT =Nil” is averaged only

over 2010-2014, as its run was truncated. (d) Area-integrated melt over time corresponding to the mean profiles in (a)-(c), compared with

that of the observed melt (dashed line).
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Figure 4. (a)-(c) Grounded surface elevation change in the Amundsen region, for (a) observations, (b) Snapshot calibration, and (c) Transient

Calibration. Values are masked where observed thinning is less than 0.5 m/a. The black line is BedMachine ice extent, and the green line

is the MEaSUREs 100 m/a velocity contour. (d) Observed surface speed (Rignot et al., 2017). (e) surface speed in Snapshot calibration. (f)

surface speed after 1 year in Transient calibration.
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Figure 5. (a)-(c) Change in Volume above Floatation (Vaf , expressed in mm sea level) in the four coupled experiments for Pine Island,

Thwaites and Smith catchments (see Section 3 for catchment definitions). (d)-(f) Rate of change of Vaf for each experiment in each catch-

ment. The small black circles in (e) indicate the timing of the respective grounding line contour in Fig. 7b. Area-integrated melt for each

experiment in each catchment. A Gaussian smoothing kernel with 6-month standard deviation is applied to melt rates.
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Figure 6. “Emergence” of climate forcing dependence (Eq. 5) in terms of Vaf loss rate (a) and melt rate (b).
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Figure 7. (a) Colored shading is bottom temperature in TC85 minus bottom temperature in TCBase in year 2100, over the common ocean-

covered area. The thin white contour shows ice extent in BedMachine-Antarctica (as does the thin black contour in (b)). The solid yellow

polygon indicates Upper Thwaites Ridge and the dashed yellow polygon is an “Unnamed” ridge. The extent of (a) is shown in the dashed

box in (b). (b) Contours show the grounding lines for each coupled simulation at the time when loss rates are temporarily slowed (Fig.

5e), corresponding to 2168 for Snap85; 2192 for TC85; 2221 for SnapBase; and 2245 for TCBase (see Fig. 5e). Gray shading is model

bathymetry.
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Figure 8. Melt rates and grounded thinning rates at the point of model failure in the respective experiments: TCBase (a), SnapBase (b),

TC85 (c), and Snap85 (d). Green contours denote glacial catchments. Note the logarithmic color scale for melt rates.
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Figure 9. Grounding line “speed” (Eq. 6) and grounded-ice speed in the Transiently Calibrated experiments: TCBase (a), TC85 (b). Green

contours denote catchments. Note the logarithmic color scale for grounding line speed.
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Figure 10. Changes in speed in the TCBase experiment; each panel is speed change over the previous 6 months. The thin black line shows

the BedMachine ice extent, and the thick black line shows the grounding line. The initial panel shows the demarcation of the Thwaites

catchment (green contour) and the locations of the pinning points examined in Fig. 11.
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Figure 11. (a) The area-averaged ice-shelf speed within the Thwaites catchment in the TCBase over the period shown in Fig. 10, relative to

Feb. 2267. (b) The grounded area shown in the western box in Fig. 11, relative to Feb. 2267. (c) As in (b), but for the eastern box.

Figure 12. The Buttressing number 1− rB (Eq. 7) calculated over ASE ice shelves in 2013 (a), 2100 (b), and 2200 (c) for the TC85

experiment. Values are masked for shelf thickness below 30 m. A value of 1− rB close to 1 implies high buttressing.
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