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Abstract. Projections of Antarctic ice mass loss and associated sea level contributions over the coming centuries are intrinsically
linked to glacial isostatic adjustment (GIA), a process by which changing ice sheets deform the solid Earth and sea surface.
Altering bedrock topography and sea levels at the grounding line, GIA exerts a strong control on marine ice sheet dynamics,
especially on the multi-century timescales to be considered in ISMIP7 (Ice Sheet Model Intercomparison Project for the
Coupled Model Intercomparison Project - Phase 7). To accurately capture bedrock and sea level changes, ice sheet models
must be coupled with GIA models that include realistic spatial variations in solid Earth structure. However, GIA models
that incorporate 3-D variations in Earth structure are computationally expensive, limiting their use in ice sheet modelling.
Consequently, most ice sheet models still assume rigid bedrock topography or rely on simple GIA models that neglect realistic
lateral variations in Earth structure. Here, we assess the performance of FastIsostasy, a computationally-efficient regional 2-
D GIA model, relative to Seakon, a state-of-the-art 3-D GIA model, in iteratively coupled ice sheet — GIA simulations of
Antarctic Ice Sheet evolution over the next five centuries. Coupled simulations that employ Fastlsotasy produce GIA, ice
thickness, and grounding line predictions that closely match those from simulations using Seakon, and, more specifically,
perform better than ice sheet simulations that rely on overly simplified GIA models. With the protocols for ISMIP7 under active
development, Fastlsostasy offers a viable approach for ice sheet modellers to accurately and efficiently capture solid Earth —
ice sheet feedbacks, permitting improved projections of Antarctic ice mass change and associated sea level contributions over

the coming centuries.

1 Introduction

The Antarctic Ice Sheet (AIS) is projected to become the dominant and most uncertain contributor to sea level rise over the

coming centuries (Fox-Kemperer et al., 2021). AIS evolution will depend on a variety of factors, including bedrock elevation
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changes beneath the ice and sea level changes at the grounding line (Gomez et al., 2010, 2012, 2015; Konrad et al., 2015;
Larour et al., 2019; Coulon et al., 2021). Several recent studies adopting coupled ice sheet - glacial isostatic adjustment (GIA)
models (also referred to as coupled ice sheet - sea level models) have demonstrated the importance of accounting for realistic
3-D variability in solid Earth structure in projections of AIS evolution (Gomez et al., 2024; van Calcar et al., 2025), where GIA
is defined as the gravitational, rotational and deformational response of the solid Earth to ice and water mass redistribution at
the surface. Upper mantle viscosities are estimated to vary by up to ca. 5 orders of magnitude across Antarctica (e.g. Kaufmann
et al., 2005; Ivins et al., 2022; Hazzard et al., 2023; Gomez et al., 2024) and lithospheric thickness varies by ca. 100 — 200 km
between West and East Antarctica (Shen et al., 2018; Lloyd et al., 2020; Wiens et al., 2023; Hazzard et al., 2023; Brown
and Fischer, 2025). Accurately representing solid Earth structure in GIA models coupled to ice sheet models has shown to be
especially important in modelling future ice sheet retreat in West Antarctica (Konrad et al., 2015; Larour et al., 2019; Gomez
et al., 2024; van Calcar et al., 2025), a region where upper mantle viscosities are estimated to reach as low as 108 Pas (Nield
et al., 2014; Zhao et al., 2017; Barletta et al., 2018; Nield et al., 2018; Samrat et al., 2020, 2021; Ivins et al., 2022; Nield et al.,
2025). These low viscosities result in rapid viscous deformation on decadal to centennial timescales (e.g. Barletta et al., 2018;
Larour et al., 2019; Powell et al., 2020; Coulon et al., 2021; Wan et al., 2022; Nield et al., 2025; Gomez et al., 2024; Lucas
et al., 2025), and the amplitude of this deformation is further enhanced in regions with thinner lithosphere (Nield et al., 2018).

Despite growing recognition of the importance of accurately representing bedrock elevation and sea level change, most
ice sheet models still assume a rigid bed (i.e., no bedrock adjustment to ice load changes) or compute bedrock elevation
changes from simple GIA models. Only four of the sixteen ice sheet models participating in the most recent Ice Sheet Model
Intercomparison Project - Phase 6 (ISMIP6; Nowicki et al., 2016) accounted for bedrock adjustment in simulations through
2300, while the remaining models assumed a rigid bed (Seroussi et al., 2024). The four ice sheet models participating in
ISMIP6 that did account for bedrock adjustment adopted either an elastic lithosphere - relaxed asthenosphere model (ELRA;
Le Meur and Huybrechts, 1996) or an elastic lithosphere - viscous asthenosphere model (ELVA; Cathles, 1975; Lingle and
Clark, 1985; Bueler et al., 2007). The ELRA and ELVA models are commonly adopted by ice sheet modellers because they
are capable of approximating the viscoelastic behaviour of the solid Earth at a low computational cost (DeConto and Pollard,
2016; Pattyn, 2017; Lipscomb et al., 2019; Riickamp et al., 2019; Robinson et al., 2020). However, standard implementations
of ELRA and ELVA are incapable of (1) accounting for lateral variations in solid Earth structure and (2) accurately computing
the gravitational and rotational feedbacks of ice mass change on sea level. Adaptions of the ELRA model have been developed
to represent large-scale lateral variations in Earth structure between West and East Antarctica and, additionally, to approximate
geoid changes (Coulon et al., 2021), yet such approaches still rely on a simplified treatment of Earth deformation and have
seen only limited application in ice sheet models.

With ISMIP7 (Ice Sheet Model Intercomparison Project for the Coupled Model Intercomparison Project - Phase 7) in
active development, an opportunity arises to better represent bedrock elevation changes in ice sheet models. 3-D GIA models,
which incorporate realistic lateral and radial variations in Earth structure, are the best option for accurately modelling future
bedrock and sea level changes in Antarctica; however, they are too computationally expensive to be widely implemented

in ice sheet models. Fastlsostasy, a regional 2-D GIA model, bridges the gap between simple, computationally cheap GIA
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models commonly used by ice sheet modellers and computationally expensive 3-D GIA models (Swierczek-Jereczek et al.,
2024). Fastlsostasy takes into account the laterally-variable properties of the solid Earth and approximates the deformational
and gravitational response to changes in surface loading with minimal computational expense. Furthermore, Fastlsostasy has
performed well in benchmarks against the state-of-the-art Seakon 3-D GIA model (Latychev et al., 2005), including idealized
simulation examples as well as a simulation over the last glacial cycle with loading from ICE_6GD (Peltier et al., 2018).

In this study, we assess the performance of FastIsostasy versus Seakon in iteratively coupled ice sheet - GIA simulations of
AIS evolution over the next five centuries. Projections of AIS evolution facilitate model comparison but are not the primary
objective of this study. This work instead serves as a reference for ice sheet modellers who intend to use Fastlsostasy in order

to improve their representation of the GIA response at low computational cost.

2 Methods

We start by describing the coupling procedure and then proceed to discuss the adopted GIA models, the Earth models used
in the GIA models, and the ice sheet model in further detail. In this study, we employ an iterative ice sheet - GIA coupling
approach that has previously been applied to model AIS evolution over the last deglaciation (Gomez et al., 2018) and the next
ca. 500 years (Gomez et al., 2024). As this iterative coupling approach is fully described in (Gomez et al., 2018, 2024), we
only summarize the approach here. To start the coupling, ice thickness changes are simulated using the PSUICE3D ice sheet
model (Pollard and DeConto, 2012, 2020) with 1-year time stepping from 1950 to 2500. In this initial ice sheet simulation, bed
elevation changes are accounted for using an ELRA model (Pollard and DeConto, 2012). The GIA models then compute either
regional (FastIsostasy) or global (Seakon) GIA changes offline, using ice thickness field from PSUICE3D at 2-year time steps
from 1950 to 2500. Changes in bedrock and sea surface elevation computed using the GIA models are linearly interpolated to
1-year time increments before being passed back to the ice sheet model. The coupling procedure is repeated four to five times
until the predicted ice volume change converges (Figs. S2-S3). Throughout the main text, we only present and discuss results
from the final iteration of the coupled ice sheet - GIA simulations. Results showcasing select intermediate iterations can be
found in the Supplementary Material (Figs. S2-S3).

The initial bed topography in Antarctica is taken from Bedmap2 (Fretwell et al., 2013) and, north of 60°S, from the Global
Relief Model ETOPO 2022 (NOAA National Centers for Environmental Information, 2022). Results from the iterative coupling
approach have been shown to be comparable to those produced by the standard interactive coupling procedure (Gomez et al.,
2013), in which the GIA model is called to update the ice sheet model’s bed topography at regular coupling time intervals

during the simulation.
2.1 Fastlsostasy 2-D regional GIA model

FastIsostasy is a 2-D regional GIA model that relies on Fast-Fourier Transforms (FFTs) to efficiently compute the deformational
and gravitational GIA response. Unlike Seakon, Fastlsostasy omits the rotational response, since the regional nature of its

domain intrinsically prevents this computation. Compared to gravitation and deformation, rotational effects have been found
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to be negligible for future AIS projections (Larour et al., 2019), and we do not expect this discrepancy to have a significant
impact on coupled simulation results.
The ice thickness field, as computed by the ice sheet model, is passed to Fastlsostasy, which returns the updated bedrock

elevation, 2, and relative sea level, S, computed as:

w(@,yt) = 2% (@,y) +us(z,y,t) + ue(2,y,1) (1)
S($7y7t) = Zss (x7y7t) - Zb(xayat) (2)
zss(T,y,t) = s(t) + Azgs(,y,t) 3)

with zgef, the reference bed elevation; u, and u., the viscous and elastic vertical bedrock displacement, respectively; zss, the
sea surface elevation; s(t), the barystatic sea level; and Az (x,y,t), the perturbation of sea surface elevation. The barystatic
sea level is computed according to differences in the ice thickness above flotation, taking into account a density and bedrock
correction following Goelzer et al. (2020). The perturbation of sea surface elevation and the elastic bedrock displacement are
computed by convolving the anomalies of mass columns with suitable Green’s functions, following Bueler et al. (2007) and

Coulon et al. (2021), respectively. Finally, the time derivative of the viscous displacement is given by:

1 AF
Oy, = FL <]—" ()) ,  with: 4
K 2n
F = p+amexm +28mmey +81/1/My1/7 o)
Ma::z: = —-D (a:cmuv + Vayyuv) 5 (6)
My, = —D (Oyyuy+10zzty), ™)
My — —D(1-1)dyyun. (8)

Here, nn = n(x,y) is the effective viscosity field; D = D(z,y), the lithospheric rigidity field; v, the Poisson ratio of the upper
mantle; x, the pseudo-differential operator transformed into Fourier space (Bueler et al., 2007); F, the forward FFT and F -1
its inverse. The active mask, A, yields O far away from the ice sheet and 1 otherwise (Fig. 1). Thus, the evolution of the ocean
load and the bedrock displacement are coupled to each other within an area that covers the continental shelf break but not
beyond. This is needed to impose an average displacement that yields zero at the border (Bueler et al., 2007). Once discretised
on aregular grid, the derivatives are approximated via finite differences and Eq. 4 becomes an ODE of dimension n = ng X n,
which is integrated forward in time via a third-order Bogacki-Shampine scheme with adaptive time stepping. The evaluation of
the right-hand side relies on FFTs, therefore scaling with the problem dimension as O(nlogn). It is therefore much cheaper to
solve than the typical PDE of dimension n = n, x ny X n that arises in 3-D GIA codes and is usually solved via a linear solver
that scales as O(n?). We emphasise that FastIsostasy was not developed to replace 3-D GIA models, but rather to approximate
them at low computational cost in order to improve the representation of gravitational and deformational feedbacks on ice sheet

dynamics.
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2.2 Seakon 3-D global GIA model

Seakon is a 3-D global GIA model that uses a finite volume scheme for forward computation of viscoelastic deformation
(Latychev et al., 2005) and is capable of regional grid refinement (Gomez et al., 2018). Seakon solves the sea level equation
allowing for shoreline migration (Kendall et al., 2005) and computes the response of a self-gravitating, elastically compressible
Earth to a specified loading history while accounting for Earth rotational effects (Milne and Mitrovica, 1998; Mitrovica
and Milne, 2003; Mitrovica et al., 2005). The computational grid adopted for the Seakon simulations has a lateral surface
resolution of ca. 10km over the AIS and 12 — 15km globally outside of Antarctica. Lateral resolution in the computational
grid decreases with depth, with a resolution of ca. 50km at the core-mantle boundary. The radial layers of the computational
grid are constructed to adhere to discontinuities in the material properties of the STW105 seismic reference model (Kustowski

et al., 2008), with the shallowest layers at 12, 24, and 43km depth.
2.3 Earth models

Seismic imaging and regional GIA studies indicate that solid Earth structure varies strongly across Antarctica. East Antarctica
is underlain by thick (ca. 150 — 250km) Precambrian lithosphere that thins towards the coast and sublithospheric upper mantle
seismic velocities not far removed from the global average (e.g Ritzwoller et al., 2001; Lloyd et al., 2020; Wiens et al., 2023;
Chua and Lebedev, 2025; Hansen and Emry, 2025). In contrast, West Antarctica is more tectonically active with thinner
lithosphere (ca. 50 — 125km; e.g. An et al., 2015; Wiens et al., 2023; Brown and Fischer, 2025) that is underlain by localized
regions of seismically slow and presumably warm sub-lithospheric mantle associated with plumes, hotspots, slab windows,
and zones of more recent Cenozoic extension (e.g. Lloyd et al., 2020; Lucas et al., 2020, 2021; Chua and Lebedev, 2025). In
these areas, regional GIA studies report very low upper mantle viscosities (10'® — 10'9Pas; Nield et al., 2014; Zhao et al.,
2017; Barletta et al., 2018; Samrat et al., 2021; Nield et al., 2023), while between these regions globally average upper mantle
viscosities (102 — 102! Pas, e.g., Nield et al., 2016) are found and correlate with seismic velocities near the global average
(e.g. Lloyd et al., 2020; Chua and Lebedev, 2025). This strong heterogeneity directly impacts the spatial dependence of GIA
observables on mantle viscosity, in which a single point observation in Antarctica strongly depends on the assumed viscosity
structure in the upper mantle and upper-lower mantle over a region roughly the size of West Antarctica (Lloyd et al., 2024).
Thus, for both global and regional GIA simulations, there is a need for high-resolution 3-D viscosity models that span broad
regions and extend into the lower mantle.

Together, seismically-inferred and GIA-imaged mantle viscosities indicate that solid Earth response time to ice sheet change
varies from years to tens of thousands of years across the Antarctic continent. The magnitude and wavelength of the solid Earth
response is further modulated by substantial variations in lithospheric thickness (ca. 50 — 200 km) across Antarctica. Capturing
the variability of this response is essential for improving models of marine-based ice sheets, in which regions of rapid uplift
(e.g., Amundsen Sea Embayment) have the potential to stabilize or slow grounding line retreat, while regions with a slower
response (e.g., Wilkes Subglacial Basin) may undergo more rapid retreat (Larour et al., 2019; Gomez et al., 2024; van Calcar

et al., 2025).
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To capture the highly variable solid Earth response in Antarctica, we run coupled ice sheet-GIA simulations using two 3-D
viscoelastic models developed from recent constraints on solid Earth structure. These Earth models capture a wide range of
plausible mantle viscosities inferred from geodetic observations and seismic imaging across Antarctica and will be referred to
as the “strong” and “weak” Earth models, respectively. Lateral viscosity variability in both the strong and weak Earth models
is inferred from the ANT-20 seismic shear-wave speed model in Antarctica (Lloyd et al., 2020) and the GLAD-M25 seismic
shear-wave speed model globally (Lei et al., 2020). The procedures used to construct the Earth models and convert 3-D seismic

wave speed variations to viscosity differ between the strong and weak Earth models, as detailed in the following.
2.3.1 Strong Earth model

We construct the strong Earth model from inferences of steady-state diffusion creep viscosity (Hazzard et al., 2023; Lloyd
et al., 2024), in which the upper mantle viscosity is calibrated following Richards et al. (2020). It is worth noting that these
inferred viscosities tend to be higher than those observed in regional GIA studies, an observation that has been interpreted to
indicate the need for transient rheology (Hazzard et al., 2023). In this context, the Maxwell viscosities determined by GIA
studies may be viewed as time-dependent apparent viscosities (Lau et al., 2021) and, in our case, serve as calibration targets
for the weak Earth model (Section 2.1.2). In the transition zone and lower mantle, the viscosity inferences are based on both
ANT-20 (400 — 800 km depth) and GLAD-M25, following the approach first presented in Austermann et al. (2021).

To obtain the global 3-D viscosity model required by Seakon, we embed the ANT-20 inference into the global GLAD-
M25 inference by applying a linear correction to the GLAD-M25 viscosities, as well as a combination of geographic and “data
density” weighting in order to ensure a smooth transition between the two models (Fig. S1). The linear correction is determined
and applied to GLAD-M25 for each overlapping depth of the two models, with this correction ensuring a linear fit of g1, AD-M25
with respect to nanT-20 that lies on a 1:1 line. Geographic weights, wg, range from 0 to 1 with: (1) all ANT-20 weights north
of the mesh boundary being 0, (2) ANT-20 weights increasing linearly from O to 1 from the mesh boundary to 5 degrees inside
of the boundary, and (3) ANT-20 weights of 1 further inside the mesh boundary. The “data density” weighting, wg, is based on
the pseudo-Hessian, which serves as a proxy for data density and is used to balance the gradient in the ANT-20 tomographic
inversion (Lloyd et al., 2020). Here we smooth the pseudo-Hessian from the final iteration of the tomographic inversion using a
3-D Gaussian filter with a standard deviation of 150km laterally and 5 km radially. Weights, wg, are determined in log; space
as described in Table 1. In the uppermost mantle, the majority of the ANT-20 model space has a weight of 1, and acceptable
regions of the ANT-20 model narrows as the model descends to deeper depths. The total weight assigned to the ANT-20
viscosity inference is w; = wq - wq and weights assigned to the GLAD-M25 viscosity inferences are 1 —w;. Thus, at any given
location, x, the merged model viscosity is n(x) = wi(x) - nanT—20(€) + (1 — Wt (x)) - NGLAD—M25 (). For the final merged

model, the volumetric mean is ~ 3 x 102Y Pas in the sub-lithospheric upper mantle and ~ 5 x 102! Pas in the lower mantle.
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Table 1. Data density weighting and empirically derived values of log,, Ps

weg =0 Linear scales to wg (0 — 1) weg =1
Upper mantle (0 — 400 km) logoPs < —2.0 log,oPs € [-2.0,—1.75] logoPs > —1.75
Transition zone & lower mantle (400 — 800km) | log,oPs < —2.25 | log;,Ps € [—2.25,—2.0] log,oPs > —2.0

2.3.2 Weak Earth model

We also complete coupled ice sheet-GIA simulations using a weak Earth model, which is characterized by a lower viscosity
upper mantle across most of Antarctica compared to the strong Earth model (Figs. 1, S1). The weak Earth model is similar to
the Earth model adopted in Gomez et al. (2024), but differs in that global viscosity variations are inferred from GLAD-M25
(Lei et al., 2020) rather than S362ANI (Kustowski et al., 2008). The weak Earth model is constructed by estimating variations
in mantle viscosity from relative variations in seismic velocity, following Austermann et al. (2013). Viscosity variations are
based on the ANT-20 seismic shear-wave seismic model (Lloyd et al., 2020) between the base of the lithosphere and 670-km
depth in the region south of 47°S and the GLAD-M25 global shear-wave seismic model elsewhere (Lei et al., 2020). The
lateral variations in mantle viscosity are superimposed onto a 1-D reference viscosity profile, which has viscosities of 10%° Pas
and 5-102! Pas in the upper mantle (from bottom of lithosphere to 670-km depth) and lower mantle (from 670-km depth to
the core-mantle boundary), respectively. In the approach of converting from seismic velocities to viscosity, a scaling factor
(¢) is adopted in the conversion of temperature to viscosity variations. Here we adopt fixed scaling factors of 0.033K~! in
Antarctica and 0.04 K~ globally, consistent with (Gomez et al., 2024). Following Wan et al. (2022), the scaling factors were
calibrated to best reflect absolute upper mantle viscosity estimates inferred from GNSS observations in the northern Antarctic
Peninsula (Nield et al., 2014), the Fleming Glacier in the central Antarctic Peninsula (Zhao et al., 2017), and the Amundsen
Sea Embayment (Barletta et al., 2018).

2.3.3 2-D Earth models for FastIsostasy

FastIsostasy requires the derivation of a 2-D viscosity field from a given 3-D viscosity field, an exercise that we henceforth
refer to as "viscosity lumping". To this end, Swierczek-Jereczek et al. (2024) defined a layered structure of the solid Earth over
which an induction can be performed—a formula that is however limited to homogenous viscosity. Finding a physics-based
lumping into a 2-D effective viscosity that yields the smallest error compared to a 3-D GIA model, therefore, remains an
open question. For the present work, we tested various heuristic lumping techniques. A comparison of the obtained results is
provided in the Supplementary Material and shows that the lumping with the smallest maximal error is obtained by using the
minimum viscosity over a reference depth of 150km below the lithosphere-asthenosphere boundary (LAB). This exploration
of the viscosity lumping is empirical but can nonetheless be interpreted physically: the lowest viscosity of the upper mantle,
i.e., the region that flows the fastest, dominates the flow. The resulting viscosity fields for the strong and weak Earth models

are shown in Fig. 1.
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Figure 1. FastIsostasy Earth models. (a-b) Strong and (c-d) weak Earth models used in FastIsostasy, after "lumping" the 3-D viscosity
model as described in the Supplementary Material. Changes in surface load are allowed within the active mask and are set to zero outside of
the mask. Depth slices of the strong and weak Earth models used in Seakon are shown in Figure S1. Black lines show the initial grounding

line position in 1950, while grey lines outline the active mask.

2.4 PSUICE3D ice sheet model

We simulate the AIS dynamics using the PSUICE3D ice sheet/shelf model, which employs a hybrid combination of shallow-ice
and shallow-shelf approximations at a horizontal resolution of 10km (Pollard and DeConto, 2012, 2020). The simulations of
the AIS evolution start from a modern state in 1950 and run until 2500, with 1 year time steps. Our simulations adopt the same
atmospheric and oceanic forcings as those detailed in DeConto et al. (2021) for Representative Concentration Pathways 2.6
and 8.5 (respectively RCP2.6 and RCP8.5; Meinshausen et al., 2011). We perform ice sheet simulations incorporating both the
marine-ice sheet instability mechanism (MISI) and marine ice cliff instability mechanism (MICI, Pollard et al., 2015). More
specifically, we simulate ice sheet evolution under RCP8.5 with MICI (RCP8.5-MICI), RCP8.5 with only MISI (RCPS.5-
MISI), and RCP2.6 with only MISI (RCP2.6-MISI). Invoking MICI results in substantially greater ice loss compared to other
multi-century simulations (e.g. Seroussi et al., 2024), producing a large GIA response that more difficult to fit by a regional
GIA model and, therefore, useful for evaluating the performance of coupled simulations with FastIsostasy versus Seakon. The

initial conditions of the ice-sheet model (ice thickness, bed elevation, velocity, basal sliding coefficients, and internal ice and
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bed temperature) are obtained from a 100,000 year spin-up with observed climate forcing and correspond to those used by
DeConto et al. (2021) and Gomez et al. (2024).

In the initial step of our coupled procedure, we compute bed deformation in PSUICE3D using an ELRA model, which
consists of a local elastic layer and an asthenosphere that relaxes with a single constant relaxation time. Typically, a relaxation
time of 7 = 3000yr is adopted in PSUICE3D and in other ice sheet models (e.g. Le Meur and Huybrechts, 1996; Pollard and
DeConto, 2012; Lipscomb et al., 2019; Robinson et al., 2020). However, van Calcar et al. (2026) find that an ELRA model with
7 = 500yt best approximates the sea level contribution in ice sheet simulations adopting a 3-D GIA model for projections until
the year 2500. Motivated by these findings, we evaluate the performance of our Seakon and FastlIsostasy coupled simulations
versus standalone PSUICE3D simulations with 7 = 500yr and 7 = 3000yt in the ELRA model. In addition, van Calcar et al.
(2026) proposed a simple relationship between the average viscosity in the topmost part of the upper mantle and the effective
relaxation time. Thus, 2-D fields of the relaxation time can be derived from the 3-D viscosity, which result in a laterally-
variable formulation of ELRA (LV-ELRA) that provides a much better approximation than using a single relaxation time. This
is a promising approach because it requires minimal implementation and coupling effort, yet it has not been widely adopted to
date. Therefore, we compare the results of FastIsostasy to ELRAS500 and ELRA3000 in the main part of the manuscript (Figs.
4, S4-S10), but show a complementary analysis with LV-ELRA in the Supplementary Material (Fig. S11-S14).

3 Results

The primary objective of this analysis is to compare the performance of FastIsostasy versus Seakon in capturing the gravitational
and deformational response to Antarctic ice mass changes on multi-century timescales in coupled ice sheet - GIA simulations
adopting the strong and weak Earth models. We start by comparing ice thickness and grounding line predictions between
simulations adopting FastIsostasy versus Seakon and continue to a more detailed discussion of vertical deformation and sea

surface height predicted by the coupled simulations.
3.1 Ice thickness and grounding line predictions

Overall, we find a good match of ice thickness and grounding line projections between the Seakon and FastIsostasy coupled
simulations for all climate forcing and Earth model combinations (Figs. 2-4, S4-S15). Average differences in ice thickness
across the AIS between coupled simulations adopting Fastlsostasy versus Seakon under RCP8.5-MICI reach 21 m and 32m
in the year 2500 for the strong and weak Earth, respectively (Fig. 2.a). Average ice thickness differences between Seakon
and Fastlsostasy coupled simulations are even lower under RCP8.5-MISI and RCP2.6-MISI, reaching a maximum of only
~ 2.4m by 2500 (Figs. 3, S8-S10). In 2150, the difference between the FastIsostasy and Seakon coupled simulations is
lower still, reaching 9m, 0.7m, and 0.5m in the RCP8.5-MICI, RCP8.5-MISI, and RCP2.6-MISI scenarios, respectively.
Over the duration of the coupled simulations, grounding line positions differ only minimally between simulations adopting
Fastlsostasy versus Seakon (Figs. 4, S8, S10). Generally, the differences in ice thickness and grounding line position between

the Fastlsostasy and Seakon simulations increase with increasing magnitude of ice load change.
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Figure 2. Differences between Seakon and FastIsostasy ice sheet projections for RCP8.5-MICI. Differences in ice thickness and
grounding line projections at years 2150, 2250, and 2500 between Seakon and Fastlsostasy simulations for RCP8.5-MICI (a-c) for the strong
Earth model and (d-f) for the weak Earth model (i.e., Seakon minus FastIsostasy). Grounding line positions from Seakon and FastIsostasy
simulations are shown in black and green, respectively. Note that the grounding lines from Seakon and FastIsostasy largely overlap. Glacial

basins are outlined in gray (Zwally et al., 2012).

To assess the performance of Fastlsostasy relative to ELRA models, we additionally compare our ice thickness predictions
with results from standalone PSUICE3D simulations using relaxation times of 500 and 3000 years (ELRA500, ELRA3000;
Figs. 4, S4-S10). In 2500 under RCP8.5-MICI, the ELRA3000 model yields a mean error in ice thickness of 74m and 107m
for the strong and weak Earth, respectively (Fig. 4.a). This is about three times more than the error obtained when using
Fastlsostasy. The analysis of van Calcar et al. (2026) indicates that an ELRA model with 7 = 500yr provides the closest
approximation to AIS sea level contributions estimated in coupled simulations adopting a 3-D GIA model over timescales
exceeding 400 years. In 2500 under RCP8.5-MICI, the ELRA500 model yields mean ice thickness errors of 25m and 57m
for the strong and weak Earth models, respectively. This is about 1.2 — 1.8 times more than the error obtained when using

Fastlsostasy (Fig. 4.a). A similar behaviour of the error arises for RCP8.5-MISI and RCP2.6-MISI (Figs. S6-S14).
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Figure 3. Differences between Seakon and FastIsostasy ice sheet projections for RCP8.5-MISI. Differences in ice thickness and
grounding line projections at years 2150, 2250, and 2500 between Seakon and FastIsostasy simulations for RCP8.5-MISI (a-c) for the strong
Earth model and (d-f) for the weak Earth model (i.e., Seakon minus FastIsostasy). Grounding line positions from Seakon and FastIsostasy

simulations are shown in black and green, respectively (barely distinguishable due to overlap).

3.2 GIA model predictions

To understand the close match of projected ice thickness between the Seakon and FastIsostasy coupled simulations, we evaluate
output from each GIA model in more detail. For the strong Earth model, the patterns of vertical bedrock displacement and sea
surface height perturbation at year 2500 with respect to year 1950 are very similar between the two models (Fig. 5.a & d; Fig
5.b & e). The absolute error of the resulting RSL prediction has mean and maximal values of about 4 and 22 m between the
FastIsostasy and Seakon coupled simulations, respectively (Figs. S11-S12). In addition to the accurate match at year 2500,
the time-dependent behaviour of FastIsostasy at some sampled locations largely agrees with Seakon (Fig. 5.c & e), resulting
in error metrics that only grow marginally over time (Fig. S12). The trends in sea surface height perturbation and vertical
displacement in the FastIsostasy simulations are similar to those found in the Seakon simulations (Fig. 5.c), except for the

peripheral forebulge region (Fig. 5.c, black curve). This is an expected result, since Fastlsostasy tends to underestimate the
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Figure 4. Comparing differences in ice sheet thickness and grounded area between simulations adopting Seakon versus those
adopting FastIsostasy, ELRA500, and ELRA3000. Difference in (a) mean grounded ice thickness and (b) grounded area extent between
simulations adopting Fastlsostasy, ELRAS500, and ELRA3000 with respect to those adopting Seakon for the RCP8.5-MICI scenario.

forebulge deformation (Swierczek-Jereczek et al., 2024). This misrepresentation is, however, largely irrelevant for ice retreat,
as demonstrated by the close match in ice thickness (Figs. 2-3).

Compared to the coupled simulations using the strong Earth model, the vertical bedrock displacement is greater in both
the FastIsostasy and Seakon coupled simulations with the weak Earth model, yielding values up to three times larger in West
Antarctica and twice as large in East Antarctica (Figs. 5-6). This discrepancy stems from viscosity values that are greatly
reduced in the west and somewhat reduced in the east compared to the strong Earth model (Figs. 1, S1). In contrast, the
gravitational response is smaller in simulations with the weak Earth model, which is due to the faster compensation of mass
anomalies associated with rapid viscous uplift. As in the simulations with the strong Earth model, both vertical displacement
and sea surface height perturbations exhibit similar patterns in the Seakon and FastIsostasy simulations with the weak Earth
model. The most pronounced discrepancies again occur in the forebulge region, but these do not preclude close agreement in
the predicted ice retreat, which mainly occurs away from the forebulge (Figs. 2-3).

The discrepancies between simulations adopting the strong and weak Earth models using Seakon are much larger than
between those between Seakon and FastIsostasy using the same Earth model. In other words, the parametric uncertainty of
the solid Earth is larger than the discrepancy between Fastlsostasy and the Seakon 3-D GIA model. Thus, improving the
representation of the GIA response in future projections of sea level does not require the use of GIA models that are more
complex than FastIsostasy but, instead, requires improved constraints on solid Earth properties.

To compare the combined effect of the deformational and gravitational response among models, the RSL anomaly at year
2500 with respect to year 1950 is shown in the Supplementary Material (Figs. S11 & S13). Whereas the RSL pattern is barely
distinguishable between Fastlsostasy and Seakon, all other models fail to reproduce the RSL pattern predicted by Seakon.
Consistent with Coulon et al. (2021) and van Calcar et al. (2026), the RSL pattern obtained by ELRA improves when using
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Figure 5. Comparison of GIA predictions using the strong Earth model. Anomaly of (a-b) vertical bedrock displacement and (d-e) sea
surface elevation at year 2500 with respect to year 1950 from Seakon and FastIsostasy coupled simulations with the strong Earth model.
Transient (c) bedrock displacement and (f) sea surface height (SSH) perturbation of the points highlighted in shades of gray and orange in
(a,b,d,e).

2-D fields of the relaxation time (LV-ELRA), however, with error metrics that are consistently larger than those of FastIsostasy
(Figs. S12 & S14). This explains the small differences between Fastlsostasy and Seakon in the coupled runs, supporting the use
of Fastlsostasy rather than ELRA in ice sheet models. The computation time of FastIsostasy ranged between 1 and 5 minutes
on a single GPU, for the strong and weak Earth model, respectively. In stark contrast, computation time of Seakon was ca. 2.5
days on 288 CPU cores. Thus, Fastlsostasy is as efficient as ELRA models and is additionally well-suited for high resolution

simulations of AIS evolution.
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Figure 6. Comparison of GIA predictions using the weak Earth model. Same as Figure 4 but for the Seakon and FastIsostasy coupled

simulations with the weak Earth model.

4 Discussion

To understand how adopting Fastlsostasy produced more realistic RSL predictions than ELRA models, we compute the
contribution to the absolute change in RSL, AS;, of the viscous, elastic, gravitational, and barystatic response, respectively.
This is computed as a spatial mean over a mask M, which yields 1 for points that lose ice coverage over the simulation and 0

otherwise. This can be expressed as:

AS;(t) = meanpqabs(S;(z,y,t)), with: )
i € {visc,elas,grav,bsl}, (10)
M = {(z,y)| H(z,y,t =1950) > 0N H(z,y,t = 2500) = 0} (11)
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Furthermore, we also compute the relative change in RSL, which is computed by dividing each absolute contribution (i.e.,
305 viscous, elastic, gravitational, and barystatic contributions) by the sum of all four absolute contributions. The resulting decomposition
displays a clear time dependence (Fig. 7), and the relative importance of the viscous contribution increases over time.

For the weak Earth model, the relative contribution of the viscous response has a magnitude comparable to the sum of the
others at year 2020 and lasting until 2500. In contrast, for the strong Earth model, the instantaneous responses are comparatively
larger, on average, than the viscous response over the whole 1950-2500 period (Fig. 7). This highlights the importance of

310 representing the instantaneous responses, especially when the prediction horizon is relatively short and/or the upper mantle
viscosity is relatively high. Contrary to ELRA models, FastIsostasy approximates both the gravitational and elastic responses,
which partly explains its reduced error metrics compared to the ELRA models. We emphasise that including these responses

in ELRA is straightforward but seldom applied.
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Figure 7. Decomposition of the viscous, elastic, gravitational, and barystatic contributions to RSL in the FastIsostasy coupled
simulations. Decomposition of the (a-b) absolute and (c-d) relative contributions to RSL of the viscous, elastic, gravitational and barystatic

response for the strong and weak Earth model.

Moreover, GIA models that assume a viscous asthenosphere, such as FastIsostasy, offer important advantages over models

315 that assume a relaxed asthenosphere, such as ELRA models. Although the viscosity variations have to be "lumped" from 3-D
to 2-D for use in Fastlsostasy, no empirically-derived relation between relaxation time and upper mantle viscosity is needed.
Furthermore, the timescale of viscous asthenosphere adjustment depends on the spatial extent of the surface load anomaly,
which is also the case in 3-D GIA models, but not the case in ELRA models. This is another reason for the low error metrics

of Fastlsostasy and is further bolstered by the inclusion of a laterally-variable lithosphere. In contrast, ELRA models typically

320 assume a constant lithospheric thickness (Le Meur and Huybrechts, 1996; van Calcar et al., 2026). A modified formulation of
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ELRA allows lateral variations in lithospheric thickness, however, at much higher computational cost than FastIsostasy due to
the linear system of equations that needs to be solved at each time step (Coulon et al., 2021).

To address some of the limitations of the ELRA model, Adhikari et al. (2025) suggested a set of Green’s functions that
can be convolved with the load to obtain the elastic, viscous and gravitational response. While this is a useful approach for
approximating the behaviour of a 1-D GIA model at low computational cost, it is incapable of representing the 3-D structure of
the Earth and, therefore, has limited applicability in Antarctic-wide studies. With a similar motivation, van Calcar et al. (2026)
also recently proposed a 1-D structure of the solid-Earth that reduces the error of AIS contribution to sea level rise compared
to simulations using a 3-D GIA model. However, the 1-D GIA model in van Calcar et al. (2026) adopts an upper mantle
viscosity of 10'°Pas, which is unrealistically low at the continental-scale and beyond. There are several major issues that ice
sheet modellers will face if they chose to adopt a 1-D global GIA model that solves the sea level equation, as in the approach
of van Calcar et al. (2026). First, the implementation/coupling effort and computational cost of a 1-D global GIA model is
generally too high for ice sheet modellers. Second, laterally-constant Earth structure is not well-suited for AIS projections if
retreat occurs in both West and East Antarctica, as these two regions have fundamentally different solid Earth structure that
cannot be represented with a single parameter.

To approximate ice sheet evolution in simulations coupled with 3-D GIA models, van Calcar et al. (2026) also proposed that
different relaxation times could be used in ELRA models in simulations over different time horizons (e.g., 300 years versus
500 years). However, the present work makes it clear that the validity of using a laterally-uniform Earth structure not only
depends on the prediction time horizon but also on the location of ice retreat and upper mantle viscosity in regions undergoing
retreat. The limitation of laterally-uniform models is well-illustrated by our comparisons with the ELRA500 and ELRA3000
simulations which, besides leading to biased sea level contributions, also produce significant differences in the projected ice
thickness changes relative to the Seakon simulations with 3-D Earth structure (Figs. 4, S4-S10). Accurately capturing ice
thickness changes is critical when the triggering of ice sheet non-linearities depends on the location of the grounding line, as
is the case for the marine ice sheet instability, which is likely to be the main mechanism driving future abrupt sea level rise
(Seroussi et al., 2024).

As highlighted by Figs. 5 & 6, the parametric uncertainties of the solid Earth are more important than the model uncertainties
for projections of the GIA response to AIS retreat. Therefore, improved uncertainty quantification in future AIS contributions
to sea level rise requires a broader range of Earth structure realizations. Despite uncertainty and ongoing debate associated with
the rheological model that is best suited to represent solid Earth deformation in Antarctica (e.g. Blank et al., 2021; Lau et al.,
2021), the strong and weak Earth models adopted here represent near end-member models of Antarctic-wide Earth structure in
the literature that may be useful for upcoming multi-century ice sheet projection efforts, such as ISMIP7.

Although FastIsostasy was originally developed to solve the laterally variable ELVA equations with explicit time stepping
(Swierczek-Jereczek et al., 2024), other models of viscous deformation have been included in Fastlsostasy since then (ELRA,
optionally with 2-D relaxation timescale; ELVA with implicit time stepping as proposed by Bueler et al. (2007); and soon the
approach of Adhikari et al. (2025)). FastIsostasy can therefore be increasingly understood as a collection of fast GIA models

for ice sheet modelling.
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The present work does not use the newest datasets for subglacial topography (e.g., Pritchard et al., 2025) or climate forcings
(e.g. those used in Coulon et al., 2025). However, we again stress that the aim of this work is not to provide estimates of future
sea level rise but rather to demonstrate that FastIsostasy can accurately approximate the 3-D GIA response, even under extreme
ice loss scenarios such as RCP8.5-MICI.

5 Conclusions

We evaluate the performance of the FastIsostasy GIA model (Swierczek-Jereczek et al., 2024) versus the Seakon 3-D GIA
model (Latychev et al., 2005) in iteratively coupled ice sheet - GIA simulations of AIS evolution over the next five centuries.
Unlike the ELRA approach and the approaches recently proposed by van Calcar et al. (2026) and Adhikari et al. (2025),
FastIsostasy can account for realistic lateral variations in solid Earth structure across Antarctica and approximate both the
deformational and gravitational response to changes in surface loading. Coupled simulations employing FastIsostasy yield
predictions of ice thickness, grounding line evolution, vertical bed displacement, and sea surface elevation that are comparable
to those obtained using the substantially more computationally-expensive Seakon 3-D GIA model. Coupled simulations adopting
the strong and weak Earth models - which span a broad range of viscoelastic Earth structures recently inferred for Antarctica
- demonstrate the robust performance of Fastlsostasy relative to Seakon, regardless of the assumed Earth structure. Compared
to other computationally efficient GIA models, FastIsostasy significantly improves the representation of bedrock deformation
and sea level change, while taking into account laterally-variable Earth structure. Thus, Fastlsostasy offers an open-source,
computationally efficient, and accurate approach for ice sheet modellers who want to reduce biases in AIS contribution to

multi-century projections of sea level rise.

Code and data availability. The source code of Fastlsostasy can be found at https://github.com/palma-ice/yelmo and https:
//github.com/JanJereczek/Fastlsostasy.jl. The code used to generate the figures can be found at https://github.com/JanJereczek/
fastiso-ssp2500. A reduced dataset of the simulation results will be archived upon publication. Due to the sheer size of the full

dataset, specific outputs can be shared upon request.

Appendix A: Lumping of the 3-D viscosity

To obtain the low errors presented here, we performed minimal tuning of Fastlsostasy to investigate the optimal approach
to derive the 2-D effective viscosity from a 3-D field, a task referred to as viscosity lumping. The induction proposed by
Swierczek-Jereczek et al. (2024) only holds for homogeneous viscosities, leaving the following question open: what lumping
method minimises the error of FastIsostasy compared to a 3-D GIA model? We investigated several approaches for mapping

the 3-D viscosity field into a 2-D one:

1. Use the viscosity at a reference depth z;. For the present analysis, we set zg = 400 km.
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2. Average the viscosity over a reference depth z; < z < z3. For the present analysis, we set z; = 200km and 2o = 500km.

3. Use the viscosity at a reference depth below the lithosphere zy = T'(x,y) + Az). For the present analysis, we set Az =
150km.

4. Average the viscosity over a reference depth below the lithosphere T'(z,y) < z < T'(x,y) + Az. Here again we set
Az =150km.

5. Use the minimum viscosity over a reference depth below the lithosphere T'(x,y) < z < T'(x,y) + Az. Here again we set
Az = 150km.

These approaches are referred to as absolute depth, absolute average, relative depth, relative average and min in Figs. Al-
A2. We perform a FastIsostasy run from 1950 to 2500 under RCP8.5 for each of these lumping method, both for the weak and

the strong solid-Earth models. We compute the maximal and mean absolute errors in RSL s as:

S
~
Il

€max (t = maxam abs (Sseakon (.Z', Y, f) — Sfastiso (.7}, Y, 27;)) (Al)

€mean (t = t) = mneanpq abs (Sseakon (xv yvf) - Sfastiso(xa y,f)) (A2)

Here again, M = {(x,y) | H(z,y,t = 1950) > 0 A H(x,y,t = 2500) = 0} denotes the mask of points that became ice-free
during the simulation. The results show that the method using the minimum viscosity over a reference depth below the
lithosphere yields the best results, both for the strong and weak Earth models (Fig. Al and Fig. A2, respectively). More
specifically, this yields the lowest maximal error of all lumping methods, and we therefore use this approach for all the results
shown in the remainder of the paper. In contrast, the other methods tend to underestimate the maximal RSL change in the case
of a weak Earth. However, the relative depth and absolute mean approaches also yield error metrics that can be considered
sufficiently good for many applications. It appears that only the relative mean and absolute depth approaches systematically
yield some of the largest error metrics.

We stress that the numerical values used in (LV-)ELRA have been obtained by tuning on examples that differ from our
current setup (van Calcar et al., 2026). To prevent an unfair comparison, the numerical values associated with each lumping
method for FastIsostasy have not been tuned and stem only from a guess informed by physical understanding of the process.
Thus, improved performance may be achieved with additional effort.
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