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Abstract.

Coupled ice sheet-ocean models are increasingly used to investigate the complex interactions between ice dynamics and

ocean forcing in West Antarctica, yet uncertainties in model parameters limit confidence in long-term sea-level projections.

Among these parameters, ocean-model melt rates are typically calibrated using only basal melt observations for static ice-shelf

geometries, neglecting feedbacks associated with evolving ice geometry, particularly in the Amundsen Sea sector.5

Here, we calibrate a fully coupled ice sheet-ocean model using an ensemble of simulations constrained by spatial observa-

tions of basal melt rates and changes in ice speed and thickness over a historical period. This represents the first calibration to

jointly incorporate oceanic and glaciological observations for optimizing melt-rate parameters. To match the historical obser-

vations of ice dynamical changes, the transient-coupled calibration favours parameter values that enhance basal melt near deep

grounding lines, highlighting the sensitivity of ice dynamics to localized ocean forcing.10

Using the historically-calibrated model, we provide century-scale projections of sea-level contribution under two scenarios:

present-day control and warm RCP8.5 forcing. In the warm case, the transient-coupled calibration increases projected 2100

sea-level rise by 14 mm relative to a melt-only calibration. This exceeds the 7 mm difference simulated between the two climate

scenarios. These findings underscore the critical importance of jointly validating against oceanic and glaciological observations

in model calibration.15

1 Introduction

Since 1992 the Antarctic Ice Sheet has lost more than 2,600 gigatonnes of ice, equivalent to 7.4 mm of global sea-level rise,

with over 89 % of this loss originating from West Antarctica (Otosaka et al., 2023). The largest imbalance occurs in the

Amundsen Sea sector (Rignot et al., 2019; Smith et al., 2020), where glaciers have sped up (Davison et al., 2023b) in response

to ocean-driven melting and calving of their floating ice shelves (Greene et al., 2022; Davison et al., 2023a). This has driven20

widespread retreat (Rignot et al., 2014; Konrad et al., 2018; Milillo et al., 2022) and thinning (Shepherd et al., 2019; Nilsson

et al., 2022) of grounded ice in a region with the potential to raise global sea level by up to 126 cm (Rignot et al., 2019).

Ice-shelf melting is projected to increase under all greenhouse gas emissions scenarios (Naughten et al., 2023; Coulon et al.,

2024), making it essential to understand how ice-ocean interactions are represented in sea-level projections (Edwards et al.,
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2021; Lowry et al., 2021; Coulon et al., 2024). Here, we use a fully coupled ice sheet-ocean model to examine how calibrating25

basal melt rates using both oceanic and ice-dynamical observations influences simulated ice evolution and sea-level projections

in the Amundsen Sea sector.

Accurately representing these ice-ocean interactions requires understanding the oceanographic processes that drive ice-

shelf basal melt. Along the Amundsen Sea coastline, floating ice shelves are exposed to modified Circumpolar Deep Water

(mCDW), which drives intense basal melting within their cavities (Jacobs et al., 1996). This warm, saline water is transported30

onto the continental shelf via a shelf-break undercurrent (Walker et al., 2013; Jenkins et al., 2016) and funnelled through

deep bathymetric troughs (Nakayama et al., 2018; Dinh et al., 2024), producing melt rates up to 100–200 m yr−1 at deep

grounding lines (Dutrieux et al., 2013; Milillo et al., 2019; Shean et al., 2019). The heat available for melting is thus influenced

by the strength of the undercurrent (Jenkins et al., 2016; Kimura et al., 2017; Dotto et al., 2019), which varies on monthly

timescales with shelf-break winds (Dotto et al., 2020) and on decadal timescales with cross-shelf density gradients driven by35

sea-ice freshwater fluxes (Silvano et al., 2022; Haigh et al., 2026). Positive feedbacks amplify these processes: increased melt

strengthens density gradients and intensifies cavity circulation (Jourdain et al., 2017; Haigh and Holland, 2024), enhancing

heat transport beneath ice shelves and leading to higher melt rates (Donat-Magnin et al., 2017; Holland et al., 2023). On

longer centennial timescales, atmospheric warming and precipitation are predicted to be the primary driver of undercurrent

acceleration, via decreased sea-ice formation and transport, leading to further oceanic warming and melting (Turner et al.,40

2025).

Basal melting, calving, and fracturing weaken ice shelves and reduce their ability to buttress upstream grounded ice, promot-

ing flow acceleration and grounding-line retreat (Dupont and Alley, 2005; Gagliardini et al., 2010; Gudmundsson et al., 2019;

Sun and Gudmundsson, 2023). This effect is strongest for laterally confined shelves or those pinned at bathymetric highs. As

a result, future ice loss is likely to be particularly sensitive to melting near grounding lines, shear margins, and pinning points45

(Favier et al., 2016; Reese et al., 2018; Goldberg et al., 2019; Morlighem et al., 2021). Accurately modelling this sensitivity

requires realistic basal melt rates, yet ice-sheet models often rely on parametrized melt formulations. While computationally

efficient, commonly used schemes underestimate melt rates near the grounding lines (Favier et al., 2019; Burgard et al., 2022)

and cannot capture feedbacks between evolving ice-shelf geometry, ocean circulation, and bathymetry as ice retreats (De Rydt

et al., 2014; Seroussi et al., 2017), potentially biasing projections of future ice loss.50

Coupled ice sheet-ocean models are used to examine feedback processes in high-resolution regional domains, overcoming

the limitations of ice-sheet melt parameterizations (e.g., Seroussi et al., 2017; Goldberg and Holland, 2022; Bett et al., 2024;

De Rydt and Naughten, 2024). In these frameworks, basal melt rates are computed by the ocean model and passed to the ice

sheet model to update ice-shelf geometry throughout the simulation. Although these models are coupled together to simulate

dynamical ice-shelf feedbacks, they have, to date, been initialized and calibrated separately using a step-wise approach (e.g.,55

Seroussi et al., 2017; Naughten et al., 2021; De Rydt and Naughten, 2024; Richter et al., 2025). This separation can introduce a

transient adjustment, or ‘shock’, associated with mass imbalance when the models are first coupled. Contributing to this shock,

ocean model melt-rate parameters are typically tuned against observations assuming a static ice-shelf geometry (Goldberg

and Holland, 2022), thereby neglecting the evolving ice geometry that influences cavity circulation and melt patterns. This
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approach further assumes that ‘observed’ melt rates, commonly inferred from satellite-derived thinning, are reliable, despite60

large uncertainties in regions that exert strong control on ice-sheet stability, particularly near the grounding line (Fricker et al.,

2009). The ice sheet component also contributes to the coupling shock, as the initial state is typically generated through data

assimilation or spin-up methods, which can result in divergent long-term responses of grounded ice to changes in basal melting

(Seroussi et al., 2019).

These limitations motivate the need for a more integrated calibration strategy. A more robust calibration of coupled ice sheet-65

ocean models therefore requires combining multiple observational constraints, including both melt rates and ice dynamics,

over a transient period to better capture the evolving state of the system. It remains unclear, however, how such an approach

influences long-term simulations and whether it can reduce the large uncertainties associated with basal melting in sea-level

projections (Edwards et al., 2021).

In light of the above, this study had three objectives: (1) to deliver the first historically calibrated coupled ice sheet-ocean70

model using all available measurements of ice-shelf melt rates and changes in ice speed and thickness between 2013 and 2017;

(2) to provide new data-driven evidence for the importance of accurately simulating basal melt near the grounding lines; and

(3) to provide century-scale projections of mass loss under different climate scenarios using the calibrated model.

The paper is organised as follows. Section 2 describes the ice and ocean models and their coupling framework, along with

the model initialization procedures. This section also outlines the experiment setup, which includes an ensemble of hindcast75

coupled simulations used for model calibration, and a subset of simulations extended to 2100 under two different climate

scenarios: present-day control and warm RCP8.5. Section 3 presents results from the hindcast ensemble and calibration, while

Sect. 4 gives the long-term response of the ice sheet. Section 5 discusses limitations and future outlook.

2 Methods

We used the coupled ice sheet-ocean model Úa-MITgcm (Naughten et al., 2021; De Rydt and Naughten, 2024) with a new80

calibration approach for ocean-model melt parameters constrained by multiple observations. The calibration integrated satellite

observations of ice-sheet thinning, flow acceleration, and basal melt rates over an approximate hindcast period of 2013–2017

(see Sect. 2.4 and Table 2). While the various datasets used for model geometry, initialization, coupling, forcing, and calibration

do not all cover identical time periods, they represent the best available and most widely used observations and products closest

to this target hindcast window. This period is particularly suitable for calibration because velocity changes were not dominated85

by large calving events (e.g., Joughin et al., 2021; Sun and Gudmundsson, 2023), processes not included in our model, allowing

us to isolate the dynamic response to basal melting. Using the calibrated model, we investigated the impact of this calibration

on projected ice loss through 2100.

The ice-flow model Úa (Gudmundsson et al., 2012) was used to simulate the time-evolving ice dynamics and a description

of its setup and initialization procedure is given in Sect. 2.1. The ocean circulation for the Amundsen Sea region was simulated90

with the Massachusetts Institute of Technology general circulation model (MITgcm) (Marshall et al., 1997), which included

components for the sea ice and ice-shelf thermodynamics (Losch, 2008). A brief summary of the model setup is given in

3

https://doi.org/10.5194/egusphere-2026-931
Preprint. Discussion started: 9 March 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 1. (a) Full model domains for MITgcm (ocean) and Úa (ice). Background colours indicate bathymetry and modelled ice speed, shown

with separate colour maps. Dashed blue edges show MITgcm open boundaries at 80◦W, 140◦W, and 62◦S, and the solid blue line shows the

closed southern boundary at 76◦S. Thin red lines show the outline of the full Úa domain, which is overlaid by thicker red lines to show the

key basins that are analysed in this study: (1) Pine Island Glacier (PIG), (2) Thwaites Glacier (THG), and (3) Pope-Smith-Kohler Glaciers

(PSK). Thin grey lines show individual glacier basins from Mouginot et al. (2017c) and pink lines indicate the modelled grounding-line

position using BedMachine Antarctica v3 geometry data (Morlighem et al., 2020). Inset shows the location of the model domains within

Antarctica. (b) Zoomed-in view of the sub-ice bed elevation for the three main basins in the dashed box shown in a.

Sect. 2.2, with a more detailed description provided by Naughten et al. (2022). The coupling framework between Úa and

MITgcm is summarised in Sect. 2.3; further details can be found in Naughten et al. (2021) and De Rydt and Naughten (2024).

The experimental setup is described in Sect. 2.4 with details about the model calibration procedure and forecast simulations.95

2.1 Ice-flow model

2.1.1 Úa domain and numerical setup

Úa is a finite-element ice-flow model that solves the vertically-integrated shallow ice-stream approximation (SSTREAM

or SSA; Macayeal, 1989) on an unstructured grid of linear triangles. The full model domain included both floating ice

(92,000 km2) and grounded ice (622,000 km2) for all drainage basins in the Amundsen Sea Sector (Fig. 1a). However, the100

main analysis in the following sections focuses on the basins experiencing the highest rates of mass loss (Smith et al., 2020).

To be consistent with previous studies, these have been grouped into the following regions: (1) Pine Island Glacier (PIG), (2)
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Thwaites Glacier (THG), and (3) Pope-Smith-Kohler (PSK) (Fig. 1). The inland boundary was defined by the outer ice divides

of the drainage basins (Mouginot et al., 2017c), while the seaward boundary followed the coastline contour from the BedMa-

chine Antarctica v3 ocean mask (Morlighem et al., 2020). Ice fronts were fixed for all simulations and there was an imposed105

Neumann boundary condition for ocean pressure. Along the grounded boundary, a zero velocity Dirichlet boundary condition

was assumed.

The mesh grid used by Úa was generated in three stages to ensure finer resolution was located in regions of rapid defor-

mation and near the grounding line. Strain rates indicate where ice deformation is strongest and finer resolution required, but

direct estimates from velocity measurements are noisy. Therefore, we first used an initial coarse mesh (4–10 km node spacing)110

to model approximate ice velocities and derive smoother strain rates. Then, areas of strong strain-rate gradients were refined

to 0.5–1 km, while coarser elements of 5–8 km were used for the slower-flowing inland regions. During forward simulations,

the mesh was further refined to a resolution of 100 m within 1 km of the grounding line, and then coarsened again once the

grounding line migrated away from those areas. This mesh adaptation around the grounding line was updated monthly in re-

gions where ice velocities were greater than 500 m yr−1. The mesh that was used in the forward simulations had approximately115

464,000 elements and 234,000 nodes, with mean nodal spacing of 1.1 km and a minimum of 100 m. All meshes were generated

with the mesh2d software (Engwirda, 2014).

The initial ice-sheet surface elevation, ice thickness and bed elevation were from BedMachine Antarctica v3, which incor-

porates data between 1970 and 2019 but has an effective timestamp of 2015 (Morlighem et al., 2020). However, sub-shelf

bed topography remains highly uncertain in some regions, particularly beneath Pine Island Ice Shelf, where the BedMachine120

dataset produces a thin and relatively uniform water column downstream of the main grounding line. This makes the ice shelf

susceptible to rapid, artificial re-grounding if melt rates are even slightly underestimated. To mitigate this, we modified the

bathymetry beneath the ice shelf in areas where BedMachine relies on interpolation or hydrostatic assumptions. The modified

region begins approximately 10 km downstream of the main grounding line, in an area that was previously a grounded ice

plain. In this area, the BedMachine bathymetry was replaced with the bed topography from Dutrieux et al. (2014), resulting in125

a deepening of 200–300 m, which remains within estimated bed uncertainties. No changes were made to the grounding-line

bed or to upstream regions.

Úa uses spatially varying, depth-averaged ice densities, calculated from the firn depth correction and ice thickness pro-

vided by BedMachine Antarctica v3 (Morlighem et al., 2020; Schelpe and Gudmundsson, 2023). A spatially varying snow-

accumulation rate from the RACMO2.3 climatology for the period 1979–2013 was prescribed in all simulations (Melchior130

Van Wessem et al., 2018). Ice rheology was described by Glen’s flow law with an exponent n = 3 and a spatially varying rate

factor A which represents ice viscosity. Basal sliding is represented by a non-linear Weertman sliding law with exponent m = 3

and a spatially varying basal slipperiness parameter C. Both A and C were assumed to be time-independent, an approxima-

tion we consider reasonable over the relatively short calibration window. These parameters were inferred through an inversion

procedure described in Sect. 2.1.2.135

At each coupling timestep, updated basal melt rates were obtained from the ocean model (Sect. 2.2.2) and prescribed at

all floating nodes in Úa. In the finite element framework, these nodal values are interpolated within elements and evaluated
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at integration points using the shape functions. As a result, for elements that contain the grounding line (the location where

the height above floatation becomes zero), integration points upstream of the grounding line can receive non-zero melt rates.

However, given the small nodal separation (100 m) near the grounding line, the area over which melt can leak across the140

grounding line is negligible.

2.1.2 Initialization of Úa

Initial modelled ice velocities were generated using an inverse method with data assimilation that estimates the unknown

spatial fields for model parameters C and A in the basal sliding and flow laws. The initialization is a critical step in ice-flow

modelling, as it can influence the simulated evolution of the ice sheet (Seroussi et al., 2019) and can account for over half of145

the uncertainty in sea-level projections (Rosier et al., 2025). A summary of the method that we used is provided here, with full

details in Appendix A.

The initialization procedure comprised three stages. First, we performed an inversion using observed ice velocities and

associated measurement errors from the MEaSUREs InSAR mosaic, which incorporates data mostly between 2006 and 2016

(Mouginot et al., 2017b; Rignot et al., 2017). This step minimized the misfit between modelled and observed velocities (Eq. A1)150

subject to a regularisation term (Eq. A2). Although this resulted in a good fit to present-day ice flow, it left the rate of thick-

ness change unconstrained, which can lead to unrealistically large values of ice-thickness changes at the start of a transient

simulation (Fig. A1b). To mitigate this, the second stage involved a short five-year transient relaxation period to dampen these

artificial thickness changes arising from data inconsistencies. During this relaxation, we used the output from the initial in-

version and kept the ice shelf thickness constant by applying a diagnostic basal melt rate (Eq. B1), which also ensured the155

grounding line remained unchanged. After this period, thickness changes in grounded ice remained within the uncertainties

of the bed elevation dataset, with a median change of -1.8 m. Finally, a second inversion was carried out, incorporating an

additional constraint of observed ice-thickness changes (Eq. A3) between 2013 and 2017 from Shepherd et al. (2019). This

yielded an initial state that captured the approximate modern-day ice flow and pattern of thinning.

Several aspects of the model setup and initialization described above were implemented to prevent unrealistic grounding-line160

advance at the start of the subsequent hindcast and forward simulations: (1) using high mesh resolution around the grounding

line in the fastest-flowing regions; (2) applying basal melt to all floating nodes; (3) including a short relaxation period and a

thickness-change inversion; and (4) a small modification to the bed elevation downstream of the Pine Island grounding line.

2.2 Ocean model

2.2.1 MITgcm domain and numerical setup165

MITgcm is a numerical geophysical model that solves the three-dimensional Navier-Stokes equations; in this study it was used

with the hydrostatic and Boussinesq approximations, to simulate regional ocean circulation and thermohaline properties of

the Amundsen Sea. The model is configured on an Arakawa C grid with polar stereographic coordinates. The model domain,

adapted from Naughten et al. (2022), encompasses the deep ocean, continental shelf and ice-shelf cavities (Fig. 1a), with open
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boundaries at 80◦W, 140◦W, and 62◦S. The closed southern boundary at 76◦S included grounded ice to allow for retreat in the170

coupled simulations. The horizontal resolution is 0.1 degree (2–5 km) and there are 50 vertical z-layers with varying thickness

from 10 m at the surface to 300 m at depth. A timestep of 300 s was used in all simulations.

The bathymetry was from BedMachine Antarctica v3 (Morlighem et al., 2020) with the aforementioned adjustment down-

stream of Pine Island Glacier grounding line (see Sect. 2.1). The model also assumes a line of grounded ice bergs along Bear

Ridge (Fig. 1a), which blocks shallow coastal currents and alters sea-ice advection patterns, both of which have an important175

impact on the oceanography in the region (Bett et al., 2020).

Basal melt rates were calculated using a modified version of the default MITgcm implementation, enabling us to test the

sensitivity to intensified melting in the deep cavities relative to the canonical melt rate formulation. Further details are provided

in the next section (Sect. 2.2.2). Forcing at the surface and along the open ocean boundaries for all experiments is described

in Sect. 2.4. The open boundary conditions were applied over a sponge layer of five grid points, with a relaxation time of 1180

day at the outermost point and 5 days at the innermost point. In all MITgcm simulations, a monthly correction was applied

to the velocity boundary conditions to prevent drift in ocean volume and sea surface height (Naughten et al., 2021). All other

parameters and parameterizations, including for the sea ice module, follow Naughten et al. (2022).

2.2.2 Modified melt-rate parameterization

In MITgcm, melt rates beneath the ice shelf are commonly calculated using the ‘three-equation model’ (Holland and Jenkins,185

1999; Losch, 2008), which evaluates turbulent fluxes of heat and salt across the ice-ocean boundary layer. In this parameteriza-

tion, the turbulent exchange coefficients can be assumed to be constant (e.g., γT = 1×10−4 m s−1 and γS = 5.05×10−7 m s−1

in Losch (2008)), or, as discussed by Holland and Jenkins (1999) and Dansereau et al. (2014), a more physical-based approach

is to approximate them with a function of the friction velocity u∗ (McPhee et al., 1987)

γT,S =
u∗

ΓTurb + ΓT,S
Mole

, (1)190

where u∗ at the ice-ocean interface is approximated by a linear function of the mixed-layer velocity UM and a dimensionless

drag coefficient Cd,

u2
∗ = Cd U2

M . (2)

However, in z-coordinate ocean models, such as MITgcm, the combination of coarse horizontal and vertical resolution can

introduce multiple issues in simulating basal melt. First, the discretization can produce a step-like melt-rate pattern because195

the first open cells beneath the ice base are not necessarily horizontally connected, and thermohaline properties in those cells

can become discontinuous. This issue occurs throughout the cavity. Second, coarse vertical resolution, particularly in regions

of thin water column near the grounding line, can prevent overturning circulation from being adequately resolved, leading

to uncertainties in local melt rates (Dansereau et al., 2014; Gwyther et al., 2020). These errors can propagate in coupled

simulations, affecting ice-shelf geometry and grounded ice evolution (Seroussi et al., 2017; Goldberg et al., 2019).200
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Figure 2. Pine Island Glacier basal melt rates shown as spatial fields (a-f) and depth curves (g) from: CryoSat surface elevation change

between 2010 and 2021 (Gourmelen et al., 2025) (a, dashed black in g), Úa mass conservation (Eq. B1) for the initial ice geometry (b, dotted

black in g), and four MITgcm model simulations (c-f, colours in g). The default MITgcm velocity-dependent melt-rate parameterization,

where HTrans = 0 m in Eq. (4), is shown for two different drag coefficients: Cd = 4× 10−3 (c, blue) and Cd = 12× 10−3 (d, purple). The

modified melt parameterization with HTrans = 200 m is shown for two different heat transfer coefficients: γT0 = 2×10−4 m s−1 (e, green)

and γT0 = 4× 10−4 m s−1 (f, orange). In panels a-f, water column thickness (HWC) contours are shown as thin grey lines (0:100:300 m),

while the transition zone and centre point between velocity-dependent and independent melt-rate parameterizations is shown in shaded pink

and thick black, respectively. In the legend of panel g, a short-hand notation indicates which parameter values are used in the modified melt

parameterization: P = (Cd,γT0,HTrans).

Figure 2c shows the melt-rate distribution beneath Pine Island Ice Shelf simulated by MITgcm for present-day ocean con-

ditions using melt parameters from Naughten et al. (2022). Compared with satellite-derived estimates (Fig. 2a) and melt rates

computed from mass conservation in the ice-sheet model (Fig. 2b; Appendix B), the default MITgcm melt parameterization

(blue line in Fig. 2g) underestimates melt in the deeper regions (below -400 m) near the main grounding line. One common ap-

proach to address this is increasing the drag coefficient Cd in Eq. (2) to elevate grounding-line melt rates (Jourdain et al., 2017;205

Goldberg et al., 2019; Bett et al., 2024). However, this scales up melt rates everywhere, which may produce unrealistically high

melt in shallower regions while still underestimating deep melt (Fig. 2d).

To overcome the bias of low melt rates near the grounding line, we used an alternative approach by applying a modified

form of the melt-rate parameterization. This alternative formulation uses constant exchange velocities (γT0,γS0) in regions of
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narrow water columns, i.e., close to the grounding line where circulation is poorly resolved, and velocity-dependent exchange210

(γT ,γS) elsewhere:

γTmod = ΛTransγT + (1−ΛTrans)γT0, (3)

with an analogous expression for γSmod, but with γS0 = 5.05×10−3γT0. Following Hellmer and Olbers (1989); Losch (2008);

Jenkins et al. (2010), we prescribe this canonical ratio between γS0 and γT0 in regions where constant exchange velocities are

applied. In the above expression, ΛTrans is a dimensionless parameter between 0 and 1 that controls the transition between the215

two regimes. It depends on the local water column thickness (HWC) and a prescribed transition thickness (HTrans)

ΛTrans =
1
2

+
1
2

tanh
(

HWC−HTrans

HTrans/4

)
. (4)

In the limit HTrans = 0, Eq. (4) reduces to ΛTrans = 1 and we recover the default melt-rate parameterization with γTmod =

γT (Fig. 2c,d). For HTrans > 0, ΛTrans varies smoothly from 0 for HWC < HTrans to 1 for HWC > HTrans. Figure 2e–f

illustrates the modified parameterization for HTrans = 200 m. Melt rates transition from velocity-independent close to the220

grounding line, to velocity-dependent in regions with thicker water columns. Most of this transition (ΛTrans varying between

0.002 and 0.99) occurs within the pink highlighted region in the figure, corresponding to HWC between 50 m and 350 m and

centred around HWC = 200 m.

As opposed to the default melt parameterization, with Cd as its only tunable parameter, the modified melt-rate formulation

has three tunable parameters, P = (Cd,γT0,HTrans). Each of these has a distinct impact on the spatial distribution of melt in225

the cavities, as shown in Fig. 2. As previously mentioned, a higher Cd value increases melt rates across the entire ice shelf

(Fig. 2d), whilst a higher HTrans value widens the region over which a velocity-independent melt rate is applied (Fig. 2e),

and a higher γT0 value increases the melt in the thin water column region (Fig. 2f). The latter two parameters alter the spatial

pattern of melting, allowing for a concentration of higher melt near the grounding lines, as shown by the greater increases in

deep melt rates below -400 m (Fig. 2g). These are the three parameters that we calibrate using joint observations of melt rates230

and ice dynamics, as described in Sect. 2.4.2.

2.3 Coupled system

At monthly time steps, the ocean and ice models were coupled offline and advanced simultaneously, exchanging basal melt

rates and ice geometry with a one-month time lag. Over each monthly interval, MITgcm computed basal melt rates for ice

shelves assuming a fixed geometry, while Úa evolved the ice geometry using the corresponding monthly integrated melt rates.235

Because the two models have different grids, exchanged fields were linearly-interpolated between them. Melt rates were held

constant over the month and extrapolated by nearest neighbour into any newly floating areas, which were expected to be small

on these timescales. At the end of each coupling interval, the updated ice-shelf draft from Úa was passed to MITgcm for the next

interval, with temperature and salinity horizontally extrapolated into newly opened ocean cells and a velocity correction applied

to preserve barotropic transport. At each coupling time step, both models were restarted from their previous thermodynamic240

states. As in previous studies (Naughten et al., 2021; De Rydt and Naughten, 2024), we applied a small, temporary correction
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to the MITgcm bathymetry at each coupling timestep to ensure that neighbouring water columns remain connected by at least

two partial wet cells in the vertical. Two cells are required to ensure connectivity for all model quantities, due to MITgcm’s

Arakawa C-grid. The bathymetry was adjusted by the minimum amount to achieve this aim, making use of MITgcm’s partial

cell capability, and only a small number of grid cells near the grounding line required this correction. This modification is fully245

reversible in the sense that it does not affect Úa and is recalculated independently at every coupling timestep, so no permanent

changes to the bathymetry accumulate over time.

The coupling framework which is written in Python, together with MITgcm and a compiled Úa MATLAB code were all run

on the UK high performance computer ARCHER2.

2.4 Experiment setup250

The first aim of our work was to calibrate the three melt-rate parameters P = (Cd,γT0,HTrans), introduced in Sect. 2.2.2,

using a comprehensive set of hindcast simulations and data sources (Table 1 and Fig. 3). We began this process with a two-

stage ocean-only spin-up (SPIN_CTR and SPIN_VAR_CTR, Sect. 2.4.1), followed by an ensemble of coupled simulations over

a hindcast period (HIND_CTR, Sect. 2.4.2) between 2013 and 2017 with different combinations of the melt-rate parameters.

The ensemble simulations were then ranked according to their agreement with all available observations, and their associated255

uncertainties. These included ice-shelf melt rates as well as spatial patterns of ice speed and thickness changes over the same

period. The optimal parameter values obtained through this transient-coupled calibration (TR) approach were compared with

those derived from an ad-hoc tuning using a static ice-shelf geometry in which only melt-rate observations were used (ST), as

is common practice in ice shelf-ocean and ice sheet-ocean simulations (Jenkins et al., 2010; Dansereau et al., 2014; Nakayama

et al., 2017; Jourdain et al., 2017; Goldberg et al., 2019; Naughten et al., 2022).260

The second aim of our work was to evaluate how the historically-calibrated model influences long-term projections (Sect. 2.4.3).

Using the best-ranked parameters, and those from the ad-hoc tuning, we ran forecast coupled simulations from 2013 to 2100

under two different climate forcing scenarios (FORE_∗), giving a total of four long-term simulations.

All details for the hindcast ensemble and scoring, along with the forecast simulation design, are provided in the sections

below and summarised in Table 1 and Fig. 3.265

2.4.1 Ocean spin-up

Before running the hindcast ensemble, the ocean model was spun up with fixed ice-shelf cavities in two stages (SPIN_CTR and

SPIN_VAR_CTR). In both stages and all CTR simulations, the surface forcing was derived from a six-hourly climatology of

the 2000–2010 ERA5 atmospheric reanalysis, hereafter referred to as ‘present-day’ forcing. This period was selected to avoid

spurious deep convection events known to occur after 2010 (Naughten et al., 2022), and provides a representative atmospheric270

state while suppressing interannual variability that could bias parameter optimization toward extreme or atypical events. A

six-hourly rather than monthly averaging was chosen to preserve synoptic-scale variability, maintaining realistic short-term

fluctuations in surface forcing and eliminating the need to retune MITgcm parameters to reproduce realistic water-mass distri-

butions and sea-ice dynamics. While a repeating climatology was used, tests using the full 2000–2010 ERA5 time series (not
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Table 1. Summary of model simulations for the ocean spin-up (SPIN), hindcast ensemble (HIND) and forecast (FORE) stages. Two calibra-

tion approaches were used: transient-coupled (TR) snd static-melt (ST). The two forcing scenarios are present-day ERA5 climatology (CTR)

and future RCP8.5 (WRM). A graphical representation of the experiment setup is shown in Fig. 3.

Melt-rate parameters

Experiment Model Time Runs Cd γT0 HTrans

[m s−1] [m]

(×10−3) (×10−4)

SPIN_CTR MITgcm 18 yrs 1 8 N/A 0

SPIN_VAR_CTR MITgcm 5 yrs 68 [1, 4, 8, 12] [1, 2, 4, 8] 0:50:200

HIND_CTR Úa-MITgcm 2013 – 2017 68 [1, 4, 8, 12] [1, 2, 4, 8] 0:50:200

FORE_TR_CTR Úa-MITgcm 2013 – 2100 1 8 8 50

FORE_ST_CTR Úa-MITgcm 2013 – 2100 1 4 N/A 0

SPIN_TR_WRM MITgcm 1990 – 2013 1 8 8 50

SPIN_ST_WRM MITgcm 1990 – 2013 1 4 N/A 0

FORE_TR_WRM Úa-MITgcm 2013 – 2100 1 8 8 50

FORE_ST_WRM Úa-MITgcm 2013 – 2100 1 4 N/A 0

Figure 3. Schematic of the experiment setup showing the MITgcm spin ups (SPIN), followed by the coupled Úa-MITgcm simulations in

the hindcast ensemble (HIND) and forecast (FORE) stages. The MITgcm simulations use the melt-rate parameter values obtained via the

transient-coupled (TR) and static-melt (ST) calibration methods. The two forcing scenarios are: present-day ERA5 climatology (CTR) and

future RCP8.5 (WRM). A summary of these model simulations is given in Table 1.

shown) yielded a comparable ice-sheet response, indicating that the ice sheet is broadly insensitive to interannual variability275

and justifying the use of the climatology for model calibration.

In the first spin-up stage, the model was initialized with temperature and salinity fields from a January climatology derived

from World Ocean Atlas 2018 (WOA18), and extrapolated backwards into the cavities. Initial velocities were set to zero,
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while sea ice area, thickness, and snow thickness were initialized using the Biogeochemical Southern Ocean State Estimate,

iteration 122 (B-SOSE). Open boundary conditions were prescribed using repeating monthly climatologies from WOA18280

for temperature and salinity, and from B-SOSE for all other fields including ocean and sea ice velocities. Iceberg meltwater

was applied as in Naughten et al. (2022). The model was then run for 18 years (SPIN_CTR) using a single set of melt-rate

parameters (Cd = 8× 10−3, γT0 =N/A, HTrans = 0 m), after which MITgcm reached a quasi-steady state with no residual

effects from the initial conditions.

In the second stage, the model was run for an additional five years (SPIN_VAR_CTR) in a suite of simulations with varying285

combinations of melt-rate parameter values (Table 1 and Fig. 3). The ranges selected for Cd and γT0 were broad enough to

encompass values used in previous studies (e.g., Jenkins et al., 2010; Naughten et al., 2022; Bett et al., 2024), while HTrans is

a new parameter introduced in this work. In total, 68 simulations were run, each with a unique parameter combination. With

cavities held fixed, five years was sufficient for the ocean to adjust to the updated melt-rate parameters and the system to reach

a new quasi-steady state, due to the relatively short residence time of the continental shelf in this region.290

2.4.2 Hindcast ensemble and model calibration

Following the MITgcm spin-up with fixed cavities and varied melt-rate parameters, the ocean model was coupled with the ice-

sheet model for the hindcast calibration stage (HIND_CTR), using the same climatological surface forcing as in the spin-up.

An ensemble of 68 coupled hindcast simulations was run from the 2013 ice-sheet geometry to 2017. This period is long enough

to capture reliable measurements of ice-sheet change and allow the ice sheet to respond dynamically to basal melting, while295

remaining computationally manageable.

We used this ensemble of hindcast simulations to calibrate the coupled model by identifying an optimal set of melt-rate

parameters. Calibration was performed by computing a normalized likelihood score for each simulation, which quantifies the

agreement between model output and observations relative to their uncertainties. This approach enables comparison across

multiple observational datasets, including ice dynamical changes and melt rates, and combines these comparisons into a single300

overall score. Critically, we use spatial comparisons of modelled quantities rather than integrated metrics, such as volume

above floatation or total melt. This ensures a better match with observed patterns of melting and thinning at the start of our

coupled simulations, improving the reliability of long-term projections. The likelihood scoring approach allows the coupled

model to be calibrated against the most up-to-date observations of ice-sheet changes, which has not been done previously.

Likelihood-based metrics are widely used in model ensembles because they link prior information to posterior distributions305

and provide a formal means of quantifying parameter uncertainty (Nias et al., 2019; Coulon et al., 2024). In this study, the

likelihood score was used to rank the 68 coupled simulations.

The likelihood score for all coupled simulations (j = 1, . . . ,68), each of which used a set of unique melt-rate parameter

values (Pj), given observational dataset Oi was calculated as

Li,j ≡ L(Pj ,Oi) = exp


− 1

2A

∫

A

(Mi(Pj ,x)−Oi(x))2
(
σmod

i (x)
)2 +

(
σobs

i (x)
)2 dx


 , (5)310
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Table 2. List of observational datasets that are used in the likelihood calculation.

Observation type Errors Source Source date

Total change in ice thickness From dataset ITS_LIVE (Nilsson et al., 2022) July 2013–July 2017

Total change in ice speed From dataset MEaSUREs (Mouginot et al., 2017a) July 2013–July 2017

Time-average basal melt rates Uniform 5 m yr−1 Gourmelen et al. (2025) 2010–2021

where {Oi(x)}N
i=1 are N independent observational datasets, such as melt rates and ice speed changes, and Mi(Pj ,x) are the

corresponding modelled spatial fields for parameter values P . In the denominator, σmod
i (x) and σobs

i (x) are the model and

observational uncertainties. This calculation was performed over the three major basins only (see Sect. 5.3) and there was a

finite-element integration over this area (A) to ensure different sized mesh triangles did not contribute equally to the overall

score.315

After the scores were calculated for each observation, they were normalized using the sum over all simulations:

LNorm
i,j =

Li,j∑
jLi,j

. (6)

The final likelihood score for each coupled model simulation, taking into account all observations, was given by the product of

the individual normalized scores:

Lj =
N∏

i=1

LNorm
i,j . (7)320

As previously mentioned, melt-rate parameters in stand-alone ocean models or coupled ice sheet-ocean models are typically

tuned using only a single set of melt-rate observations, i.e., N = 1 in Eq. (5) and Eq. (7). This approach ignores the ice sheet

response, so the solution is to augment the likelihood with additional terms for spatial patterns of ice speed changes and ice

thickness changes. To calibrate our model we used N = 3 individual data sources and these are listed in Table 2, with their

spatial fields shown in Fig. 5.325

The likelihood calculation accounts for uncertainties associated with both the observations and the model. For observed ice

speed and thickness changes, we use the error estimates provided with the observational datasets (Table 2). However, satellite-

derived melt-rate uncertainties reflect errors in elevation change and surface processes, such as surface mass balance and firn

air content, rather than basal melt itself. This can lead to unrealistically small error estimates that disproportionately affect

the ranking of simulations. To avoid this, we adopt a spatially-uniform error of 5 m yr−1 for the melt dataset. We also tested330

using the Úa diagnostic melt rate in place of the satellite-derived estimates (not shown), since this is what the ice-sheet model

requires to reproduce observed thickness changes (Appendix B). This substitution yielded a similar ranking of simulations,

with the highest-scoring parameters associated with the modified parameterization that concentrated melt near the grounding

line.

In addition to observational uncertainty, the likelihood calculation incorporates uncertainty arising from model error. Because335

the coupled model is not a perfect representation of the real world, it is subject to structural uncertainties whose impacts on
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the modelled results are difficult to quantify. Such uncertainties may arise from missing or unknown model physics, or under-

representation of the parameter space, and typically require expert judgement when scoring ensembles (Ritz et al., 2015). We

tested different choices of model error, ensuring a reasonable spread across ensemble members rather than clustering around a

small subset of simulations (not shown). This sensitivity analysis showed that the relative ranking of simulations was robust to340

the assumed error magnitudes. Given this robustness, and to avoid making additional assumptions about the form or magnitude

of model errors, we adopt for simplicity a perfect-model assumption with zero errors (σmod
i,j (x) = 0 in Eq. 5).

2.4.3 Forecast simulations

The aim of these century-scale simulations was to quantify how calibration strategies influence long-term projections. We

compared our new fully coupled calibration approach, which uses a modified melt-rate parameterization, transient ice-shelf345

geometry, and multiple observational constraints (melt rates, changes in ice speed and thickness), with the common approach

that employs static ice-shelf geometry and melt-rate observations alone, using the default melt-rate parameterization. These

two calibrations are hereafter referred to as Transient-Coupled (TR) and Static-Melt (ST).

For both calibration methods, we selected the top-ranked set of melt-rate parameters and ran simulations to 2100 under

two forcing scenarios: (1) the six-hourly ERA5 climatology from 2000–2010 used in the ensemble simulations, representing350

present-day conditions; and (2) RCP8.5 surface forcing and transient boundary conditions from a single Community Earth

System Model (CESM1) ensemble member, as described in Naughten et al. (2023). These simulations are referred to as

FORE_∗_CTR and FORE_∗_WRM, respectively (Table 1 and Fig. 3). While we do not investigate sensitivity to surface

forcing across different Earth System models or scenarios here, this remains an important topic for future work (Sect. 5.1).

The FORE_∗_CTR simulations used the same MITgcm spin-up as the ensemble (SPIN_CTR), followed by the five-year ad-355

justment period (SPIN_VAR_CTR) with updated melt-rate parameters and fixed ice-shelf cavities. In contrast, the FORE_∗_WRM

simulations used independent spin-ups tailored to the specific forcing (SPIN_∗_WRM). For all four FORE_∗ simulations, ice-

ocean coupling was initiated in 2013 and continued through 2100.

3 Coupled model calibration results

All 68 coupled model simulations, each defined by a unique combination of tunable melt parameters, P = (Cd,γT0,HTrans),360

were ranked according to their agreement with spatial observations of ice-shelf melt rates, and observed changes in ice speed

and thickness. The resulting likelihood scores (Eq. 5) are shown in Fig. 4, where lighter colours (yellow) indicate parameter

combinations that best match the observations and darker colours (purple) denote lower-scoring simulations.

The five panels in Fig. 4 correspond to different transition-thickness constants (HTrans). Within each panel, drag coefficients

(Cd) and turbulent exchange velocities (γT0) vary along the x- and y-axes, respectively. For HTrans = 0 m (first panel), this365

corresponds to the default melt parameterization, where MITgcm simulations produced only velocity-dependent melt-rates,

so the γT0 parameter is not applicable. A spatial comparison between model results and observations for the two simulations

outlined by the green and dashed blue lines is provided in Fig. 5.
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Figure 4. Likelihood scores (Eq. 5) for the 68 coupled ice sheet-ocean model simulations using all observational metrics (Table 2). The

two boxes outlined in colour indicate the highest scoring simulations for the transient-coupled calibration method (TR, green-solid) and a

static-melt calibration (ST, blue-dashed). Spatial maps for these two simulation are shown in Fig. 5 and these were selected to run to 2100

with present-day ERA5 (CTR) and future RCP8.5 (WRM) forcing.

3.1 Transient-coupled calibration

3.1.1 Highest-scoring parameters370

The highest-scoring simulations over the hindcast period all used the modified melt parameterization, though not all simulations

using this parameterization achieved high scores (Fig. 4). Compared to the default parameterization cases, these top-performing

simulations produced elevated melt rates near the grounding line of the fast-flowing glaciers.

Within the set of high-scoring simulations, different parameter combinations produce better agreement with different ob-

servational metrics (Figs. B1–B3). Some combinations produce a good match with observed melt rates (e.g., P = (8,1,150),375

P = (8,1,200)), whilst others produce better agreement with speed changes (e.g., P = (8,8,50), P = (12,8,50)). This re-

flects the fact that the likelihood score represents a compromise across three metrics (melt rate, ice speed change, and thickness

change) and three basins with distinct dynamics.

The diagonal band of lighter colours across Fig. 4 indicates the following: (1) simulations with velocity-independent melting

confined to a thinner water column (HTrans = 50 m) require either higher drag coefficients, which elevate melt rates across the380

entire ice shelf, or higher turbulent exchange velocities, which enhance melt locally, or a combination of both to achieve high

scores; and (2) in high-scoring simulations where velocity-independent melt is applied across thicker water-column regions

(HTrans ≥ 150 m), conversely the larger area of high melt requires lower exchange velocities (γT0 ≤ 2× 10−4 m s−1).

The highest-ranked set of parameter values was Cd = 8× 10−3, γT0 = 8× 10−4 m s−1 and HTrans = 50 m (green outline

in Fig. 4). This optimal configuration reproduces observed melt rates and upstream thinning near the grounding line (Fig. 5,385

second column). Observed speed changes over the hindcast period are small (10s m yr−1) relative to the observed mean flow

speed (1000s m s−1); the modelled speed change is slightly lower than observations, particularly for PIG. Some of this bias is

likely attributable to ice damage and calving processes (Lhermitte et al., 2020; Joughin et al., 2021), which are not represented

in the ice-sheet model. Importantly, these differences are within the uncertainty of the velocity measurements and reflect the

regional optimization of the parameter set rather than a systematic error. Despite this, this configuration provides the best390
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overall agreement with the available observations and is therefore selected for the transient-coupled calibration (TR). It is

subsequently compared with a melt-only calibration in the forecast simulations (Sect. 4).

3.1.2 Lowest-scoring parameters

Among the 68 simulations, some of the lowest scores are associated with parameter combinations that produce low melting

near the grounding line (Fig. 4, Fig. 5c). These correspond to HTrans ≤ 50 m, Cd ≤ 4× 10−3 and γT0 ≤ 2× 10−4 m s−1, and395

include the four simulations that use the default melt-rate parameterization with different drag coefficients (HTrans = 0 m).

Over the four-year coupled hindcast period, these low-scoring simulations exhibit little to no thinning immediately upstream

of the grounding line and even show localized thickening of a few meters, in clear contrast to the observed changes. This leads

to widespread glacier slowdown of up to 250 m yr−1 and grounding-line advance, most notably along the main trunk of PIG.

Given the differences in deep melt rates between these low-scoring simulations and the Úa diagnostic melt rates (Fig. 2b,c,d),400

it is not surprising that there is an initial shock when the models are coupled together.

At the opposite extreme, simulations that use the modified melt parameterization with values that yield the highest melt

in the vicinity of the grounding line (HTrans ≥ 150 m and γT0 = 4× 10−4 m s−1), produce excessive upstream thinning,

overestimated speedup, and melt rates that exceed both observations and from modelled mass conservation (Fig. 2f).

3.2 Melt-only calibration405

The results presented above are based on calibration using three different observational datasets. However, the analysis can be

repeated using fewer observational constraints and different modelling approaches. When using only melt-rate observations

in the calibration (while maintaining a transient ice-shelf geometry), the highest-scoring simulations shift towards those with

velocity-independent melt over a wider region but lower γT0 values (i.e., reduced turbulent exchange velocities and therefore

lower melt rates) (Fig. B3). However, these same simulations are not the highest scoring when evaluated against changes in ice410

speed (Fig. B2).

To compare with the common practice in the literature, we also identified the highest-scoring simulation among those

using only the default melt-rate parameterization with a static ice-shelf geometry. This simulation has a drag coefficient of

Cd = 4×10−3 with γT0 =N/A and HTrans = 0 m, as these parameters are not part of the default parameterization (dashed blue

outline in Fig. 4 and third column in Fig. 5). When evaluated against all observational metrics using a transient geometry, this415

simulation ranks among the poorest performers. Nevertheless, because this represents the top-ranked parameter set following

the most common calibration approach in the literature, we extend this simulation to 2100 and compare it with the transient-

coupled calibration in Sect. 4.

Differences in data coverage within a given observation type also influence calibration outcomes. For instance, the limited

availability of melt-rate estimates at the deep grounding lines in the dataset of Paolo et al. (2023) results in lower optimal420

melt parameter values than those obtained using Gourmelen et al. (2025) (not shown). Moreover, calibrating parameters for

individual ice shelves instead of the regional domain can alter the choice of optimal parameter values, regardless of whether

using a single dataset or a combination of all metrics (Figs. B1–B4). Although this has implications for future regional studies,
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Figure 5. Observed and modelled spatial fields for the three metrics used in the likelihood calculation: average basal melt rate (a–c), total

change in ice thickness (d–f) and total change in ice speed (g–i). The first column shows observations: G25 (Gourmelen et al., 2025), ITS

(Nilsson et al., 2022), MEAS (Mouginot et al., 2017a). The second column shows the best-scoring parameters in the fully coupled transient

calibration (TR), which uses melt rates and changes in ice speed and thickness. The third column shows the highest-scoring parameters in

the static-melt calibration (ST). Inset panels in the first row show a zoom of the Pine Island main grounding line region. Small black arrows

in f highlight regions of no thinning, in contrast to observations. The modelled 2013 and 2017 grounding lines at the start and end of the

hindcast period for each simulation are shown as thin grey and blue lines, respectively, and the fixed ice front is shown as a black line.
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we do not explore the sensitivity of long-term projections to individual basin calibrations or different data products for each

metric in detail here.425

3.3 Implications of different calibration approaches

Tuning melt-rate parameters in an ocean model is a critical step in predicting future sea-level contribution. However, our hind-

cast simulations demonstrate that the calibration approach and which observations are used can affect the optimal parameter

values. Typically, tuning is done using depth-binned or spatially-integrated values of basal melt for a static ice-sheet geometry.

This approach has two key limitations. First, spatial-integration does not provide information about the distribution of melt,430

which we show matters for reproducing ice dynamics. Second, assuming a static geometry ignores geometric feedbacks that

begin as soon as ice shelves thin through basal melting, and this might not represent future cavity conditions. Furthermore,

satellite-derived melt-rate estimates are particularly uncertain or missing near the grounding line, which may limit their ability

to constrain grounding-line dynamics when used alone. This is evident in our low-scoring coupled model simulations, where

low grounding-line melt rates cause upstream thickening and slowdown, in contrast to observations (Figs. 4–5).435

The modified melt-rate parameterization compensates for low vertical and horizontal resolution in the ocean model by

generating enhanced melt near the grounding line, compared to the default parameterization. This allows a wider range of

model behaviour to be captured and compared against observations, facilitating the selection of optimal parameters.

The diagonal band of high-scoring simulations in Fig. 4 demonstrates equifinality: multiple combinations of melt-rate pa-

rameters produce similarly good agreement with observations. This arises because the parameters exhibit trade-offs with one440

another. For example, a simulation with velocity-independent melt confined to a thin water column (low HTrans) can achieve

similar overall performance to one with velocity-independent melt over a thicker region (high HTrans), provided the turbulent

exchange velocity (γT0) or drag coefficient (Cd) is adjusted accordingly. The key requirement is that higher melt rates are

concentrated near the grounding line and this can be achieved through different combinations of the three parameters.

Figure 6 shows the cumulative sea-level contribution from all coupled simulations compared with modern-day observations.445

The inset panels indicate that, by the end of the hindcast period, the Amundsen Sea Sector contributes between 1 and 2 mm to

sea-level rise, consistent with observations. For each of the three major basins, the mass loss and rates of mass loss in almost

all coupled simulations fall within the observational error bars. However, this does not mean that all parameter combinations

are equally valid.

The 2013–2017 hindcast period is relatively short, and calibration based solely on integrated metrics such as volume above450

flotation over this timescale would provide limited constraint on model parameters (as done by Coulon et al., 2024). This

limitation is exacerbated by observational uncertainties of 1 mm in integrated mass loss stemming in part from uncertainties in

surface mass balance, which we keep fixed in our simulations. In contrast, our approach uses spatially-resolved observations

of melt rates, ice speed changes, and thickness changes. This data-rich approach provides much stronger constraints over short

timescales, allowing us to distinguish between parameter combinations that produce similar integrated mass loss but different455

spatial patterns of ice-ocean interaction. The likelihood-based calibration reveals a clear narrowing from the broad, uninformed
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Figure 6. Change in volume above floatation (converted to mass, Gt) and the corresponding cumulative sea-level contribution for all coupled

model simulations for the whole Amundsen Sea domain and the three major basins. The basin definitions are shown in Fig. 1a. In the inset

of each panel, all simulations are compared against observations from Davison et al. (2023b) for the hindcast period (2013–2017). Also

highlighted are the best (solid green) and worst (dashed orange) five scoring simulations. Dots are shown at the end to illustrate the range of

modelled and observed sea-level contribution values in 2017.

prior parameter distribution to a well-localized posterior, demonstrating that spatial patterns provide powerful constraints even

over relatively short periods.

Having identified optimal parameter sets through hindcast calibration, we extended these simulations to 2100 to assess the

impact of calibration methods on projected sea-level contribution.460

4 Historically-calibrated forecast simulations

Building on the hindcast evaluation, we assessed the sensitivity of the ice-sheet’s long-term response to different calibration

approaches by running two sets of melt-rate parameters to 2100 under two climate scenarios (Figs. 6–7). A six-hourly ERA5

climatology forcing, previously used in the hindcast ensemble, was applied for a present-day control run (CTR), while an

RCP8.5 surface forcing was used for a future warm scenario (WRM).465
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Figure 7. Evolution of the grounding line overlaid on the total change in speed for the four forecast simulations. The difference in speed is

between the start of the coupling in 2013 and 2100 and the grounding line is shown for every 10 years.

The first parameter set (FORE_TR_∗: Cd = 8× 10−3, γT0 = 8× 10−4 m s−1, HTrans = 50 m), hereafter TR, corresponds

to our transient-coupled calibration. The second (FORE_ST_∗: Cd = 4× 10−3, γT0 =N/A, HTrans = 0 m), hereafter ST, rep-

resents the top-performing simulation when only melt rates were compared against a static geometry. As previously discussed,

TR outperformed ST in reproducing observed changes in ice speed and thickness during the hindcast period.

The following sections present the results of the aforementioned forecast simulations firstly for the entire Amundsen Sea470

sector followed by a regional analysis. We examine the sea-level contribution (Fig. 6) and the evolution of grounding-line

retreat and ice speed changes (Fig. 7).
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4.1 Amundsen Sea sector

For the entire Amundsen Sea sector, all coupled simulations remain within the observational errors of sea-level contribution

over the hindcast period. However, the different trends in mass loss lead to contrasting projections over longer timescales475

(Fig. 6a). Over the first 25 years, the two simulations that were calibrated using the full transient-coupled approach (TR)

show accelerated mass loss and fast retreat of most of the major glaciers (Fig. 7c,d). By 2100, these simulations produce the

largest retreat and highest sea-level contributions, reaching 34.62 mm (TR_CTR) and 41.98 mm (TR_WRM). In contrast, the

simulations that were calibrated using only melt rates and a static geometry show a delayed response, with an initial slowdown

in mass loss and localized grounding-line advance, resulting in lower final sea-level contributions of 24.92 mm (ST_CTR) and480

27.80 mm (ST_WRM). Despite being forced with present-day ocean conditions, the CTR simulations produce at least 24 mm

of sea-level rise from the Amundsen Sea Sector, because the ice-sheet is initialized in a transient state that reflects observed

present-day thinning rates and velocities.

At the basin-scale, all four forecast simulations show continuous mass loss, but loss rates vary by calibration approach and

forcing scenario (Fig. 6b-d). Approximately 45 % of the domain-wide loss comes from the Thwaites Glacier basin (THG), 35 %485

from Pine Island Glacier (PIG), and 12 % from Pope, Smith and Kohler (PSK). The TR_WRM simulation produces the largest

contribution to sea-level rise (∼15–16 mm) and the highest mass-loss rates (∼80 Gt yr−1) in both PIG and THG. However,

the timing differs between these basins. THG initially loses mass and retreats rapidly before grounding-line migration slows

down, whereas PIG shows an accelerating trend in mass loss and retreat towards the end of simulation (Fig. 6b,c and Fig. 7d).

For PSK, TR_WRM also produces the fastest mass loss (∼32 Gt yr−1 after 2070), contributing 5.5 mm to sea level by 2100.490

The TR and ST experiments demonstrate the lasting impact that different calibration methods can have on sea-level projec-

tions. Although both calibration methods produce similar cumulative mass loss over the hindcast period, and integrated values

agree with observations, their spatial differences in melt rates and grounded ice dynamics lead to contrasting long-term be-

haviour. For our model setup, this means that calibrating melt parameters using only observations of melt rates underestimates

sea-level contribution by 14 mm for the RCP8.5 forcing, representing a 20–50 % increase in mass loss for the domain as a495

whole and individual basins. This is because the transient approach requires higher melt rates to reproduce observed patterns

of thinning and speedup upstream. Using ice-dynamics observations in the calibration allows us to overcome the limitations of

relying solely on satellite-derived melt rates, which can be highly uncertain or unavailable near the grounding line. Crucially,

the difference in mass loss arising from the calibration approach (10–14 mm) exceeds the difference arising from the forcing

scenario (3–7 mm). This highlights the important role that the calibration methodology plays in century-scale projections.500

Although the relative influence of external forcing may increase over longer timescales, projections to 2100 remain highly

policy-relevant, and our results demonstrate that calibration uncertainty is a leading-order contributor to near-term sea-level

projections.
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4.2 Regional mass loss

4.2.1 Pine Island Glacier505

For the PIG basin, in all but the TR_WRM case, the rate of mass loss decreases throughout the simulations despite continuous

mass loss, resulting in similar limited retreat, slowdown and sea-level contribution by 2100. In both ST simulations, there is an

initial grounding-line advance along the central trunk which takes over a decade to reverse (Fig. 7a,b).

In contrast, TR_WRM exhibits increasing mass-loss rates resulting in a cumulative loss that diverges from the other cases

after 2050 (Fig. 6b). This leads to extensive retreat along the main fast-flowing trunk and also the southwest tributary (‘Piglet510

Glacier’), which is close to intersecting with the retreating THG (Fig. 7d). Peak rates of mass loss of∼80 Gt yr−1 occur around

2087 after much of the retreat has happened, and the grounding line then comes to rest on a series of shallower bumps in the

bed. By 2100, there has been a large speedup of 1000 m yr−1 upstream of the main grounding line, and a retreat of 20 km.

The contrasting behaviour of PIG reflects the different spatial patterns of basal melt produced by the calibration methods.

The static-melt calibration underestimates melt near the grounding line, while the transient-coupled approach produces higher515

melt in this region, better capturing observed ice dynamics. The difference becomes more pronounced under RCP8.5 forcing,

where PIG exhibits the strongest response of all glaciers in the domain. This behaviour change may be due to warmer waters

on the continental shelf (Mathiot and Jourdain, 2023; Naughten et al., 2023) having direct access to the deep grounding line.

However, without a full analysis of the ocean model output, which is beyond the scope of this paper, it is difficult to identify

the exact processes responsible because of the ice-ocean feedbacks involved.520

4.2.2 Thwaites Glacier

Across all simulations, THG contributes the most to sea-level rise, loses mass the quickest, and retreats the furthest and fastest.

In the transient-coupled (TR) calibrations during the modern-day period, there are multiple instances of modelled grounding-

line retreat that agree well with recent observations (Wild et al., 2022; Chartrand et al., 2024; Ross et al., 2025; Andersen et al.,

2025). In contrast, retreat in the first 10 years of both ST simulations is too slow compared to observations, which is likely525

caused by the lack of thinning immediately upstream of the grounding line (Fig. 5f).

In all simulations, by 2100, there is a speedup of Eastern Thwaites, which propagates tens of kilometres upstream, and a

40 km retreat of its grounding line. Once retreat starts, there is a similar temporal evolution in mass-loss rate across simulations,

which consists of three phases: (1) accelerated loss during retreat from the present-day position, (2) a brief period (∼10 years)

of nearly constant peak mass-loss rate (∼65–85 Gt yr−1) during the fastest retreat, and (3) decreasing mass-loss rates to530

∼50 Gt yr−1 by 2100 once the grounding line has retreated 40 km. Although they show similar retreat patterns, differences

in rates of retreat and mass loss over the first 20 to 40 years result in slightly different overall sea-level contributions, with an

approximate eight-year delay due to forcing, and 20-year delay due to calibration method.

In all simulations, the Eastern ice-shelf pinning point is lost, but this occurs at different times. The timing in our model

may differ from observations because we do not include evolving ice damage or calving, which is likely to impact ice shelf535

structural integrity, ice flow and grounding-line retreat (Wild et al., 2022; Surawy-Stepney et al., 2023; Wang et al., 2025). In
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all four simulations, following the ungrounding of the Eastern ice-shelf pinning point, there is an acceleration of mass loss to

its peak value and a retreat of the main grounding line.

In Western Thwaites, all simulations show similar retreat extent, with the grounding line of the western Thwaites ice tongue

reaching a small-amplitude sill in the deep bed ∼15 km upstream. However, the timing varies considerably, with TR_WRM540

experiencing the fastest retreat. In this simulation, once the western grounding line reaches the upstream sill, it remains there

for 65 years despite ongoing thinning.

For THG, by 2100 there is substantial speedup and extensive retreat regardless of forcing scenario or calibration method,

though TR simulations show faster retreat and higher mass loss than ST. This supports the hypothesis that melting beneath

its unconfined ice shelf, while influencing the rate of change, has a limited impact on whether retreat occurs (Gudmundsson545

et al., 2023). Therefore, retreat is likely already committed regardless of ocean forcing. Once the grounding line retreats inland,

an embayment starts to form, which likely provides buttressing of upstream ice and potentially contributes to the decrease

in mass-loss rates across all simulations. In both TR simulations, the retreat takes between 25 and 30 years from the start of

coupling in 2013, which suggests we may see more rapid change from THG in the coming decades. The similarity in THG

behaviour across calibrations contrasts sharply with the divergent responses seen for PIG, highlighting how different glaciers550

respond differently to calibration uncertainties.

4.2.3 Pope, Smith, Kohler Glaciers

For the PSK basin, in all cases except ST_CTR, there are increases in the rate of mass loss towards the end of the sim-

ulations, after initial periods of deceleration (Fig. 6d). In contrast, ST_CTR experiences an overall decrease in the rate of

mass loss throughout the entire simulation. During the modern-day period, the initial pattern of retreat for all glaciers in the555

TR simulations is consistent with observations, whereas retreat in ST is not fast enough (Milillo et al., 2022). By 2100, the

transient-calibrated simulations produce higher sea-level contributions than the static-melt approach, with the differences larger

under warm forcing.

In the three simulations with accelerated mass loss, this period coincides with faster retreat along the Pope and Smith glaciers

(Fig. 7b,c,d), occurring at various times depending on calibration and forcing. By 2100, there is also an overall speedup of these560

glaciers and a 30–40 km retreat. In contrast, for ST_CTR, there is limited and gradual retreat across the glaciers, and an eventual

slowdown (Fig. 7a).

Downstream of Kohler East, there is a substantial pinning point that is lost early in the simulations, which may contribute to

the modelled speedup and retreat seen in all cases. In all simulations, Kohler West retreats only a few kilometres to a shallow

sill and remains there until 2100, and the overall speed slows down.565

The PSK glaciers show sensitivity to calibration method similar to PIG. The TR simulations produce higher melt rates

near the grounding line and in the shear zone between Crosson and Dotson ice shelves, which are regions that have a high

sensitivity to melt (Goldberg et al., 2019; Morlighem et al., 2021). This leads to a speedup and retreat of the glaciers flowing

into the Crosson Ice Shelf (Pope, Smith, Kohler East). The ST simulations show minimal dynamic response in these regions

under present-day forcing.570
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4.2.4 Summary: Calibration method versus forcing scenario

The different behaviour due to calibration method is evident across the Amundsen Sea sector, though the magnitude of this

difference varies by glacier. The spatial differences in melt patterns drive markedly different ice dynamics. Under present-day

forcing with the static-melt calibration, low melt rates near the grounding line cause widespread slowdown and limited retreat

across all glaciers except Thwaites. In contrast, the transient-coupled calibration generates higher melt rates near the grounding575

line, leading to speedup and retreat across most glaciers. Despite these contrasting behaviours, both calibrations show increased

sea-level contribution across the sector, suggesting that the glaciers remain out of balance regardless of calibration method,

though the magnitude and spatial pattern of imbalance differ substantially.

The contrasting response between PIG and THG is important for future regional studies. PIG shows strong sensitivity to

calibration method, with TR_WRM producing substantially more retreat and mass loss than the ST simulations. In contrast,580

THG shows similar retreat patterns across all calibrations, and the 40 km retreat occurs within a few decades in the TR simu-

lations regardless of forcing scenario. The pattern of modelled grounding-line retreat across all glaciers is broadly consistent

with other coupled ice-ocean modelling studies of this region, though the timing and extent of retreat differs slightly depending

on calibration and forcing (Goldberg and Holland, 2022; De Rydt and Naughten, 2024; Bett et al., 2024).

By incorporating observations of ice speed and thickness changes alongside melt rates, and by allowing the ice-shelf ge-585

ometry to evolve during calibration, our transient-coupled approach captures spatial patterns of melting that are necessary for

reproducing observed ice dynamics. The resulting projections differ from those produced using melt rates alone, and these dif-

ferences exceed the impact from climate forcing scenarios. This suggests that reducing uncertainty in sea-level projections from

West Antarctica requires not only improved climate models and forcing scenarios, but also improved methods for calibrating

coupled ice-ocean models.590

The combined run time for all spin-ups and 68 calibration simulations was approximately 317 days, while a single 90-year

forecast simulation added another 53 days. Thus, calibration accounted for 85.6 % of the total 370-day run time. While this

represents a significant upfront computational investment, it is a one-off process that establishes an optimised parameter set.

Once calibrated, the model can be used for multiple future projections, ensuring that subsequent forecasts are both efficient

and consistent with observational constraints.595

5 Limitations and future work

The objectives of this study were to calibrate a coupled ice sheet-ocean model using combined measurements of ice-shelf melt

rates and changes in ice speed and thickness, and then to provide century-scale projections of sea-level contribution under

different climate scenarios. While our approach addresses key limitations in previous studies, there are several aspects that

would benefit from consideration in future work.600
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5.1 Ocean model

We introduced a modified melt-rate parameterization to address resolution limitations of the z-coordinate ocean model in

capturing enhanced melting near grounding lines, consistent with observations. Although this formulation is heuristic rather

than derived from first principles, it enables elevated melt rates in this critical region and broadens the parameter space available

for calibration. Future work should aim to develop a more physically grounded representation of grounding-line processes that605

achieves similar performance without requiring prohibitively high resolution.

In the calibration, we used a discrete set of melt-rate parameter values (68 simulations for three parameters), chosen strate-

gically for comparison with previous studies. While a more rigorous approach would randomly sample values across a wider

range, we do not expect this to change our main conclusions. Furthermore, the results in Fig. 4 suggest a relatively linear

relationship between parameter values and ice response, rather than any complex or non-linear dependencies, so additional610

simulations are not likely to provide additional information.

Our simulations extend to 2100 under present-day control and an extreme RCP8.5 forcing scenario, which was sufficient for

evaluating the impact of calibration methods on long-term ice-sheet response. However, we only use a repeating ERA5 2000-

2010 six-hourly climatology to represent present-day forcing and a single ensemble member from one earth system model for

the warm scenario. Therefore, future work should further consider the uncertainties in sea-level rise related to ocean forcing615

and climate scenarios (Naughten et al., 2023; Seroussi et al., 2024).

5.2 Ice-sheet model

While we calibrated the basal melt-rate parameters in the ocean model using a comprehensive set of simulations and observa-

tions, we used a single set of ice-sheet model parameters, which may not represent the true optimal choice. Several ice-sheet

parameters contribute highly to projection uncertainty, including the sliding law and its exponent, the flow-law exponent, and620

parameters in the inversion regularization process (Barnes and Gudmundsson, 2022; Getraer and Morlighem, 2025; Rosier

et al., 2025). Ice speed and thickness changes are physically coupled through the ice-flow equations, and in a fully calibrated

ice-sheet model, these dependencies mean that calibrating against either metric would produce the same optimal basal melt

parameters. In our current results, calibrating against individual ice-dynamics metrics produces different likelihood scores

and optimal melt parameters (Figs. B1–B2) because the ice-sheet model parameters themselves have not been historically625

calibrated.

The next iteration of this coupled-model calibration will explore a range of historically calibrated ice-dynamics parame-

ters (De Rydt, 2026). This approach will enable fully consistent coupled ice-ocean projections that match historical satellite

observations of basal melt, ice thickness, and ice speed. Importantly, by calibrating the ice-sheet model using ice-dynamics

observations, the calibration of the ocean melt parameters would only require one type of these datasets along with melt obser-630

vations. Furthermore, the stochastic framework will allow uncertainties from individual model parameters to be propagated to

the projections, providing a clear attribution of uncertainty in future ice-ocean simulations.
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5.3 Likelihood calculation

The likelihood scores for each coupled simulation were calculated across the three major basins (Pine Island, Thwaites, and

Pope-Smith-Kohler), rather than the whole domain, for the following reasons. These basins contain the fastest-flowing glaciers635

(Fig. 1a), which are experiencing the greatest mass loss in West Antarctica (Smith et al., 2020). Consequently, there is much

more data available for model setup in these regions. The MITgcm configuration was tuned and validated using temperature and

salinity measurements from the neighbouring oceanic regions of Pine Island Bay, Dotson Ice front, and Pine Island-Thwaites

West Trough (Naughten et al., 2022). Additionally, initialization of the ice-sheet model was based on previous studies that

were focussed entirely on these highly dynamic regions (Reed et al., 2024; De Rydt and Naughten, 2024). Therefore, ensemble640

likelihood scores were calculated using this region only. This ensured a balance between reproducing the observed mass loss

across the ASE, while avoiding overfitting to individual glaciers which have their own sensitivities and optimal parameter

values (Figs. B1–B4).

5.4 Hindcast ensemble

As mentioned previously (Sect. 2), the hindcast window of 2013–2017 was chosen because this period provides the most645

comprehensive data coverage for model initialization and comparison, while avoiding large velocity changes associated with

damage and calving (Joughin et al., 2021; Sun and Gudmundsson, 2023), which are not represented in the model. Despite

its limited duration, the calibration window is sufficiently long to constrain melt parameters using the spatial patterns of ice-

dynamics change. Future work could examine how varying the start date and duration of the calibration window affects the

results. Different initialization and hindcast periods would alter the transient state of the ice sheet and, consequently, the basal650

slipperiness and ice viscosity inferred through inversion. An advantage of our likelihood-based ranking approach is that it

readily accommodates new observations as they become available, particularly improved estimates of transient melt rates and

associated uncertainties.

Despite the limitations, our transient-coupled calibration approach represents a significant advance in capturing the com-

plex interactions between ice dynamics and ocean melting. Our results demonstrate that calibrations using present-day melt655

estimates alone systematically underestimate ice-sheet response over the historical period. By incorporating ice dynamics

constraints, this bias is removed entirely, resulting in more robust projections of future mass loss.

6 Conclusions

In this study we presented a new method for calibrating melt-rate parameters in coupled ice sheet-ocean models using remote

sensing measurements of basal melt rates and changes in ice speed and thickness. Whereas previous calibrations have relied on660

melt estimates only and assumed static ice-shelf geometries, we have shown that including feedbacks between basal melting,

evolving ice thickness, and cavity circulation in the calibration leads to a greatly improved representation of ice-sheet dynamics

over the observational period. We show that the longer-term consequences of this improved calibration result in 14 mm addi-
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tional sea-level rise by 2100 under an RCP8.5 scenario. These coupled processes are critical to model accuracy, particularly in

the rapidly changing Amundsen Sea sector.665

To calibrate ocean-model melt parameters, we ran an ensemble of coupled simulations with varying parameter values in a

modified melt parameterization. We compared modelled outputs against observed spatial patterns of ice-shelf melt rates and

changes in ice speed and thickness between 2013 and 2017. With this approach, parameter combinations that enhanced melt

in the vicinity of the grounding line produced the best match with observations of thinning and accelerating grounded ice

while also constraining overall melt rates. In contrast, the common approach of tuning against only melt observations for a670

static geometry produced optimal values with low grounding-line melt, leading to coupling shocks and widespread glacier

slowdown.

Using optimal parameters from the transient-coupled calibration, we projected century-scale mass loss under two climate

scenarios and compared these against the static-melt approach. All simulations showed continuous mass loss and retreat of

major glaciers by 2100, though at varying rates. Under RCP8.5, the transient calibration projected 42 mm of sea-level rise675

compared to 28 mm for the static-melt case: a 14 mm difference that exceeds the impact of changing the climate forcing alone.

These findings highlight the critical role of multi-observational calibration in reducing parameter uncertainties and improving

projection confidence.

Code and data availability. The individual model components are publicly available: Úa at https://zenodo.org/records/3706624 and MITgcm

at https://github.com/MITgcm/MITgcm. The coupled model configuration Úa-MITgcm, along with all code and data necessary to reproduce680

the results and figures presented in this study, will be made available upon acceptance of the manuscript.

Appendix A: Úa Initialization

To initialize the ice-sheet model in an approximate present-day state, the following three-stage procedure was implemented.

The first step was to use an inverse method with data assimilation to derive both spatially varying fields of ice-rate factor A and

slipperiness C in the flow law and sliding law, respectively. This was done by minimizing the cost function J = I + R, where685

I is a misfit term and R is a Tikhonov regularization term. In this first initialization step, we ran a velocity-only inversion such

that I is given as

I =
1

2A

∫ (
umod−uobs

uerr

)2

+
(

vmod− vobs

verr

)2

dx, (A1)

where uobs,vobs are observed MEaSUREs ice-surface velocities and uerr,verr are their corresponding measurement errors

(Mouginot et al., 2017b; Rignot et al., 2017), whileA=
∫

dx is the full model domain area. The Tikhonov regularization term690
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Figure A1. Difference between modelled and observed ice-surface speed (a, c) and thickness changes (b, d) for the velocity-only inversion

(a, b) and for the velocity and thickness-change inversion following a five-year relaxation period (c, d). In (b) and (d), floating regions have

been masked out, for illustration purposes only, due to large thickness changes resulting from no basal melting in the inversions.

ensures we do not overfit to the measurements and is given by

R =
1

2A

∫ [
γ2

sA

(
∇ log10

(
A

Â

))2

+ γ2
sC

(
∇ log10

(
C

Ĉ

))2

+γ2
aA

(
log10

(
A

Â

))2

+ γ2
aC

(
log10

(
C

Ĉ

))2]
dA, (A2)

where Â and Ĉ are prior estimates for A and C, and γsA, γsC , γaA and γaC are pre-multipliers that penalise deviation in

local slope and amplitude of A and C fields from their priors. Following Reed et al. (2024) and De Rydt et al. (2021), the695

priors were chosen to be spatially uniform with Â = 5× 10−9 yr−1 kPa−3, corresponding to an ice temperature of -15 °C,

and Ĉ = ubτ
−m
b = 1.46× 10−3 m yr−1 kPa−3, with basal traction τb = 80 kPa and velocity ub = 750 m yr−1, while the

regularization pre-multipliers were set to γsA = γsC = 25,000 m and γaA = γaC = 1.

From this inversion, the modelled and observed surface speeds showed a good agreement, with a mean difference of

15.7 m yr−1 and standard deviation of 93.3 m yr−1 (Fig. A1a). However, because modelled ice-thickness change is left uncon-700

strained, the inversion produces unrealistically large thickness changes along fast-flowing glaciers compared with observations,

with a mean difference of 2.1 m yr−1 and a standard deviation of 24.1 m yr−1 (Fig. A1b).

To address any potential model shock due to the large changes in ice thickness, additional steps were taken in the initializa-

tion. Similar to previous studies, we ran the model with a transient relaxation period, using the modelled velocities from the

first inversion, while keeping the ice thickness in floating regions fixed (De Rydt and Naughten, 2024; Rosier et al., 2025). The705

model was run for five years to allow upstream ice to equilibrate, while minimising deviations from the present-day geometry

and preventing any grounding-line migration.
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Using the updated ice geometry after the relaxation period, a second inversion was performed with an additional constraint

on ice thickness changes, such that the misfit term (Eq. A1) in the cost function becomes

I =
1

2A

∫ (
umod−uobs

uerr

)2

+
(

vmod− vobs

verr

)2

+

(
ḣmod− ḣobs

ḣerr

)2

dx, (A3)710

where ḣobs are observed thickness changes over a three-year window, centred on 2015.5, for grounded ice (Shepherd et al.,

2019) and floating ice (Paolo et al., 2023). As in previous studies, thickness change errors were chosen to be spatially uniform

with ḣerr = 0.1 m yr−1 for grounded regions and a larger error of ḣerr = 100 m yr−1 for floating areas, to account for uncer-

tainty in basal melt rates (De Rydt and Naughten, 2024; Rosier et al., 2025). Including ice-thickness changes in the second

inversion leads to much better agreement with observations: the mean difference is reduced to 0.5 m yr−1 and standard devia-715

tion to 1.2 m yr−1 (Fig. A1d). This improvement, however, comes at a slight cost to the modelled velocities, where the mean

difference increases to 21.1 m yr−1 and standard deviation to 71.2 m yr−1(Fig. A1c).

Appendix B: Úa diagnostic melt rate

Using the ice-sheet model Úa and combined observations of present-day velocities (u,v), surface mass balance (as) and rates

of thickness change (dh/dt), we can estimate a diagnostic basal melt-rate field using mass conservation:720

ab =−
(

1
ρ

∂h

∂t
+
(

∂(uhρi)
∂x

+
∂(vhρi)

∂y

)
− as

)
, (B1)

where the x and y components of the ice flux are given by qx = uhρi and qy = vhρi. By comparing this diagnostic melt

rate against MITgcm-simulated melt, we can assess whether coupling the two models together will produce an initial shock,

where a mismatch would likely cause the ice-sheet model to exhibit thickness changes that are inconsistent with present-day

observations. For example, the melt rates from the default MITgcm melt parameterization with two different drag coefficients725

(Fig. 2c,d) both produce lower melt rates close to the Pine Island Glacier grounding line compared to the diagnostic melt rate,

which when coupled with Úa leads to unrealistic ice-shelf grounding and the slowdown and thickening of grounded ice (Fig. 5).
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Figure B1. Likelihood scores for the 68 coupled ice-ocean model simulations when comparing only ice-thickness changes with observations

from Nilsson et al. (2022). The top three rows show scores calculated over separate basins, whilst the bottom row is across all three key

basins.
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Figure B2. As in Fig. B1 but for ice-speed changes using observations from Mouginot et al. (2017a).
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Figure B3. As in Fig. B1 but for basal melt rates with observations from Gourmelen et al. (2025).
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