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Abstract. Accelerated retreat of the Antarctic ice sheet (AIS) dominates both the magnitude of, and the uncertainty in, high-

end sea-level projections. One frequently cited caveat in the computational models used to create these projections is that many 10 

of them poorly represent the observed present-day state of the AIS. Following the thought that a model should accurately 

represent the present before it can be expected to accurately represent the future, there have been discussions in the ice-sheet 

modelling community to weight or even exclude individual models from ensemble studies based on how well they reproduce 

present-day observations. 

In this study, we create a wide ensemble of realisations of the AIS with a numerical ice-sheet model under different parametric 15 

assumptions, utilising inverse methods to ensure every realisation reproduces snapshot observations of the present-day 

geometry, velocity, and thinning rates of the AIS to a degree that is comparable with the most recent ISMIP6 ensemble. These 

model realisations project anything between -0.3 m and +1.5 m of sea-level contribution (SLC) by 2300, with the sea-level 

rate at that time varying from -0.7 to +9.7 mm/yr. There is no clear relation between the degree to which these model 

realisations reproduce snapshot observations of the present-day AIS, and the amount of SLC they project. The main factors 20 

contributing to the wide variance in projected SLC are the sliding law and the distribution of slipperiness of the subglacial bed. 

Since these quantities are typically derived by inversion from observations of the ice flow, they can only be known as accurately 

as other processes affecting the flow, such as subglacial hydrology, ice damage, and calving. The resulting compensating errors 

are known to affect the modelled present-day state of the ice sheet differently than its response to future climate change, 

explaining why models with a nearly identical initial state can produce such different SLC projections. This implies that 25 

weighting or excluding models from ensemble studies based only on their agreement with snapshot observations of the present-

day ice sheet might not be a wise choice. Instead, comparing to temporal observations, and to novel observations of the ice 

sheet’s sub-surface, might be more helpful to reduce the uncertainty in Antarctica’s future contribution to sea-level rise. 
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1 Introduction 

Sea-level rise caused by mass loss of the Greenland and Antarctic ice sheets is both one of the most worrisome, and one of the 30 

most uncertain long-term consequences of anthropogenic climate change (van de Wal et al., 2022). At present, mass loss from 

the AIS on average contributes approximately 0.41 mm/yr to the global mean sea-level rate (Otosaka et al., 2023; Seroussi et 

al., 2024), but several instabilities are hypothesised to exist within the ice-sheet system that could potentially cause this rate to 

accelerate strongly in the future. The physical processes underlying these instabilities, which involve both fundamental ice 

dynamics and their interaction with the subglacial substrate and ocean, remain poorly understood, leading to large uncertainties 35 

in estimates of the future Antarctic sea-level contribution. For example, the most recent concerted international effort to project 

the future evolution of the AIS using numerical ice-sheet models, the Ice Sheet Model Intercomparison Project for CMIP6 

(ISMIP6; Seroussi et al., 2024), estimated that, under the high-warming SSP5-8.5 scenario, the Antarctic ice sheet could 

contribute between -2.1 and +8.4 mm/yr by 2100 (with negative numbers indicating a sea-level drop), causing global mean 

sea level to increase by -0.2 to +0.3 m with respect to 2014. By 2300, the sea-level rate is estimated to lie between -2.1 and 40 

+28.5 mm/yr, and the sea-level rise between -0.6 and +4.5 m. The idea of a negative future Antarctic SLC is generally seen as 

unlikely, yet 10 out of the 16 models in the ISMIP6 ensemble produced a negative SLC in at least some of their projections. 

Rather than discarding such results as statistical outliers, we must therefore accept the fact that ice-sheet models currently 

cannot agree on the sign of the future Antarctic contribution to sea level. Reducing this large uncertainty is arguably the most 

important topic today in numerical glaciology. 45 

 

Seroussi et al. (2024) provide some analysis of the variance in the ISMIP6 model ensemble. They find that the choice of ice-

sheet model dominates the variance in sea-level projections until the year 2100; after that, the choice of general circulation 

model (GCM) used to generate the atmospheric and oceanic forcing, becomes a significant secondary term. It is important to 

note here that the choice of basal melt forcing, which is well known to be a strong control on Antarctic mass loss (e.g. Burgard 50 

et al., 2022; Berends et al., 2023a), and the representation of which varies greatly between models (Lambert and Burgard, 

2025) is, in the work by Seroussi et al. (2024) included in the “choice of ice-sheet model”. However, the general notion that 

differences between different ice-dynamical models cause strong differences in the modelled sea-level rise is well-supported 

by other studies (e.g. Cornford et al,, 2020; Sun et al., 2020; Berends et al., 2023b; Coulon et al., 2025). 

 55 

These large differences between ice-sheet models reflect our incomplete understanding of several crucial physical processes 

governing the Antarctic ice sheet system – particularly processes occurring beneath the ice surface. Since the dawn of the 

satellite era, the ice-sheet surface is observed at a relatively high spatial and temporal resolution. However, conditions in the 

ice interior and at the base are generally poorly constrained. Both the current state and the future evolution of the ice sheet are 

strongly affected by the (bulk) viscosity of the ice (Getraer and Morlighem, 2025), the slipperiness of the subglacial substrate 60 

(Sun et al., 2020), the subglacial topography (Castleman et al., 2022), the state of the subglacial hydrological system 
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(Kazmierczak et al., 2022), and the conditions of the ocean and the concomitant melt rates in the cavities underneath the ice 

shelves (Burgard et al., 2022; Berends et al., 2023a), and yet direct observations or measurements are scarce to the point of 

non-existence. Instead, many of these quantities are often derived by inversion from observations at the ice surface (e.g. 

Arthern and Gudmundsson, 2010; Pollard and DeConto, 2012; van Pelt et al., 2013; Arthern et al., 2015). However, since the 65 

relation between conditions at the base and conditions at the surface is often strongly non-local, non-linear, and diffusive 

(Gudmundsson and Raymond 2008), inverting for basal conditions from surface observations is not trivial, and generally leads 

to large uncertainties, and often to non-unique solutions. 

 

Another source of uncertainty stems from the fact that the AIS is at present losing mass. van den Akker et al. (2025) showed 70 

that neglecting this imbalance and instead initialising an ice-sheet model to a steady state at the present day, overestimates the 

stability of the AIS. They showed that initialising their model to accurately reproduce the observed thinning rates leads to the 

inevitable loss of almost all grounded ice in the Amundsen Sea basin within the next two millennia – even without additional 

climate forcing, implying that we are already committed to the future collapse of this sector of the AIS. Since many ice-sheet 

models in the ISMIP6 ensemble (Seroussi et al., 2024) are initialised to a steady state, and thereby potentially biased towards 75 

a lower SLC, it is conceivable that this explains some of the spread in the model ensemble. 

 

Based on these findings, as well as earlier exploratory work (e.g. Goelzer et al., 2018; Seroussi et al., 2019), there is now a 

tendency for studies on future ice-sheet evolution to also report on the accuracy of their modelled present-day ice sheet, 

including the observed mass trend (e.g. Coulon et al., 2024, 2025; Klose et al., 2024; Seroussi et al., 2024). However, this 80 

accuracy is typically quantified in terms of some manner of integrated error (often a simple root-mean-square) with respect to 

‘snapshot’ observations of the ice surface: satellite-derived, time-averaged, gridded data, which can be conveniently compared 

to the output of most numerical ice-sheet models. However, since the basal processes that are thought to govern the future 

evolution of the AIS cannot be easily constrained from observations of the ice surface (Gudmundsson and Raymond 2008), 

comparing to such snapshot observations alone is not a guarantee for improving the accuracy of the future SLC projected by 85 

the ice-sheet model. 

 

In this study, we demonstrate that the degree of agreement between an ice-sheet model, and observations of the ice-sheet 

surface (even when thinning rates are included) is not related to the amount of future SLC projected by the model. We construct 

an ensemble of realisations of the Utrecht Finite Volume Ice-Sheet Model (UFEMISM v2.0; Berends et al., 2025), sampling 90 

the uncertainty in the basal processes governing ice-sheet evolution. By initialising each realisation separately using an inverse 

approach, we ensure that all of them reproduce satellite observations of the ice-sheet surface to a degree that is comparable 

with the recent ISMIP6 ensemble by Seroussi et al. (2024). We then integrate these model realisations for two centuries into 

the future under SSP5-8.5 climate/ocean forcing. We find no relation between the ‘quality’ of the initial state of each model 

realisation, and the projected SLC by 2300. Instead, we find that the projected SLC depends most strongly on the choice of 95 
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sliding law, and the distribution of basal slipperiness. We show that, due to compensating effects, any of these choices can 

yield a model realisation that ‘fits’ the surficial observations. 

2 Model description 

2.1 Overview 

A detailed description of UFEMISM v2.0, including the governing equations, their discretisation, the basics of the mesh 100 

generation toolbox, and the parallelisation scheme, is provided by Berends et al. (2025). Briefly, UFEMISM solves the 

momentum balance (approximated in this study by the depth-integrated viscosity approximation, DIVA; Goldberg, 2011) on 

a dynamic adaptive mesh, which is adapted to the evolving ice geometry over the course of a simulation. The mesh is generated 

according to a set of user-provided resolutions for different regions of the ice-sheet system, such as the ice sheet, the ice shelf, 

the grounding line, and the ice front. By using a high resolution (typically < 5 km) around the grounding line and a coarser 105 

resolution elsewhere, the computational efficiency is greatly increased. Different sliding laws are available for the user to 

choose from, including the commonly used Weertman-type (power) law, Coulomb-type (velocity-independent friction) law, 

and Zoet-Iverson (hybrid) law. UFEMISM scales the basal friction coefficient in partially grounded cells with the grounded 

fraction of each cell, which results in a good representation of grounding-line migration even at resolutions of tens kilometers 

(Berends et al., 2025). UFEMISM uses an adaptive time step, which is calculated using a predictor-corrector scheme based on 110 

the one developed for Yelmo (Robinson et al., 2020), which was in turn based on the work by Cheng et al. (2017). Conservation 

of mass is solved using a finite-volume scheme with a discretisation scheme that is semi-implicit in time (defining the ice 

thickness at time step 𝑛 + 1, but the ice velocity at time step 𝑛), though a simpler explicit scheme is included too. 

2.2 Sliding laws 

In this study, we use two different sliding laws. The first is a classic Weertman-type power law (Weertman, 1957): 115 

𝛽 = 𝐶!𝑢"
!
"#$.           (1) 

Here, 𝛽 is the (non-linear, velocity-dependent) basal friction coefficient, which relates the basal sliding velocity 𝒖" to the basal 

shear stress 𝝉", i.e. 𝝉" = 𝛽𝒖". 𝐶! is the (flow-independent) bed roughness, and 𝑚 is the exponent of the power law. 

The second option is the Zoet-Iverson law (Zoet and Iverson, 2020): 

 𝛽 = 𝑁 tan𝜙 0 %#
%#&%$

1
𝟏
𝒑#𝟏.          (2) 120 

Here, 𝑁  is the (effective) overburden pressure, 𝜙  is the bed roughness (expressed here as the till friction angle), 𝑢( =

200	m	yr#$ is the transition velocity, and p = 5 is the exponent for the power-law part of the law. For slow-moving ice, this 

law behaves like a power law, with the basal shear stress vanishing as the basal velocity approaches zero. For fast-flowing ice 

streams, the friction asymptotes to the Coulomb limit 𝑁 tan𝜙. In this sense, the Zoet-Iverson law is similar to the hybrid 
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sliding laws proposed by Schoof (2005) and Tsai et al. (2015), which were used in the MISMIP+ experimental protocol (Asay-125 

Davis et al., 2016). 

2.3 Bed roughness: inversion by nudging 

The approach of iteratively “nudging” the subglacial bed roughness to achieve a stable ice geometry that is close to some target 

geometry, was first presented by Pollard and DeConto (2012). During a forward simulation, the modelled ice thickness is 

compared to the target; if the ice is too thin, then it is assumed that too much ice is flowing away, and the bed roughness is 130 

increased to remedy this, and vice versa if the ice is too thick. Lipscomb et al. (2024) improved on this scheme by including a 

term with the thinning rate 𝑑𝐻 𝑑𝑡⁄  in the equation, which damps spurious oscillations and greatly improves the stability and 

rate of convergence. Berends et al. (2023b) then adapted this work by using the ice velocity instead of the thinning rate, and 

by averaging the thickness and velocity errors over the flowline passing through each cell, again improving the stability and 

convergence. In this study, we included two variants of the flowline-averaged nudging scheme by Berends et al. (2023b) in 135 

UFEMISM, and a purely local scheme intended to copy that used in CISM. 

2.3.1 H-u nudging scheme 

The first scheme, hereafter called the “H-u scheme”, is very similar to the scheme presented by Berends et al. (2023b), using 

the ice thickness and velocity errors to nudge the bed roughness 𝐶: 
)*
)+
= −𝐶 ?0,'(∆%)

%$
+ ,((∆%)

%$
+ ,'(∆0)

0$
1 1
+)
− 2*

3
∇4𝐶A,       (3) 140 

𝑅 = min01,max 00, %0
%)0)

11.         (4) 

Here, 𝐶 is the “generic bed roughness”, which depends on the choice of sliding law. In the case of the Weertman sliding law, 

it is identical to 𝐶5 in Eq. 1; for the Zoet-Iverson law, it is identical to 𝜙 in Eq. 2. The functions 𝑓% and 𝑓6 average a quantity 

over, respectively, the upstream and downstream half-flowline. 𝑢 is the ice surface speed (i.e. 𝑢 = |𝒖𝒔|), 𝐻 is the ice thickness, 

and ∆𝑢, Δ𝐻 are the respective differences between the modelled values of these quantities, and their target values (either from 145 

observations, or from another model simulation). 𝑢(, 𝐻(, 𝑡8, 𝐿, 𝜏, 𝑢8, and 𝐻8 are all constants (see Table 1). Note that 𝜏 has 

different values for the Zoet-Iverson and Weertman sliding laws, reflecting the different units of the bed roughness in these 

laws. Compared to the version used by Berends et al. (2023b), the term with the Laplacian ∇4𝜙 is new, replacing the Gaussian 

smoothing functions in their Eq. 9 to yield a slightly more numerically stable regularisation approach. This is inspired by recent 

experimental work with the Community Ice Sheet Model (CISM; personal communication with Tim van den Akker, 2025). 150 
Table 1: Constants in the H-u scheme 

Parameter Value Units 

𝑢(  450 m yr-1 

𝐻(  100 m 
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𝑡8  200 yr 

𝐿  2000 m 

𝜏9:;<#=>;?@:A  50 yr 

𝜏B;;?<CDA  5000 yr 

𝑢8  3000 m yr-1 

𝐻8  300 m 

2.3.2 H-dH/dt nudging scheme 

The second nudging scheme used in this study, hereafter called the “H-dH/dt” scheme, replaces the velocity error term in Eq. 

3 with a term based on the modelled thinning rate 𝜕𝐻 𝜕𝑡⁄ : 

 )*
)+
= − *

+)
M
,'(∆0)#

!
+,((∆0)

E!
+

,'F
,-
,. G#

!
+,(F

,-
,. G

E*
N.        (5) 155 

Here, 𝑡8, 𝑐$, 𝑐4 are constants (see Table 2). Note that Eq. 5 does not include the Laplacian of 𝐶; instead, regularisation of the 

solution is achieved following Berends et al. (2023b), applying a Gaussian smoothing filter with a radius of 5000 m to )*
)+

 

before calculating 𝐶(𝑡H&$). 
Table 2: Constants in the H-dH/dt scheme 

Parameter Value Units 

𝑡8  150 yr 

𝑐$  200 m 

𝑐4  0.7 m yr-1 

2.3.3 H-dH/dt-local nudging scheme 160 

The last nudging scheme, hereafter called the “H-dH/dt-local” scheme, is based directly on that of CISM, aiming to provide a 

closer comparison to the results by van den Akker et al. (2025): 

 )*
)+
= −𝐶 M ∆0

0$3
+ 4

0$
,-
,.

− 2*

3∇**
N.         (6) 

The values of the constants in Eq. 6 are listed in Table 3. 
Table 3: Constants in the H-dH/dt-local scheme 165 

Parameter Value Units 

𝐻(  200 m 

𝜏  200 yr 

𝐿  40 m 
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2.4 Ocean conditions and sub-shelf melt: parameterisation or inversion 

2.4.1 WOA+quadratic ocean forcing 

In this work, we used three different methods to determine the sub-shelf melt rates during the initialisation. The first method 

calculated the sub-shelf melt rates from the ocean thermal forcing using a simple local quadratic dependence, following Favier 170 

et al. (2019): 

 𝑚 = −𝑐@JK𝛾 sgn(∆𝑇) V
L/0E1,/0∆M
L3245/,6

W
4
.        (7) 

Here, ∆𝑇 = 𝑇@N − 𝑇, is the thermal forcing (defined as the difference between the local seawater temperature 𝑇@N at the ice 

shelf draft, and the pressure/salinity-dependent freezing temperature 𝑇O), and sgn(∆𝑇) is the sign of the thermal forcing (so 

that a negative thermal forcing will correctly result in refreezing rather than melt). The constants 𝑐@JK (the number of seconds 175 

per year, to keep the units of 𝛾 consistent with existing literature, while still providing the melt rate 𝑚 in meters per year), 𝜌@N, 

𝑐J,@N, 𝜌Q, and 𝐿OR@,S are given in Table 4. 

Table 4: Constants in the quadratic basal melt parameterisation 

Parameter Description Value Units 

𝑐@JK  Number of seconds per year 3.155694336 ∙ 10T  s yr-1 

𝜌@N  Density of seawater 1.027 ∙ 10U  kg m-3 

𝑐J,@N  Specific heat of seawater 3.974 ∙ 10U  J kg-1 K-1 

𝜌Q  Density of ice 9.1 ∙ 104  kg m-3 

𝐿OR@,S  Heat of fusion of ice 3.335 ∙ 10V  J kg-1 

We used the ISMIP6-Ant2300 present-day ocean temperature and salinity (Seroussi et al., 2024) to force our quadratic melt 

parameterisation. This dataset is based on the World Ocean Atlas 2018 (WOA; Locarnini et al., 2019; Zweng et al., 2019), 180 

which is extrapolated into the sub-shelf cavities using the ISMIP6 protocol (Jourdain et al., 2020). 

2.4.2 WOA-nudged+quadratic ocean forcing 

Our second method extends this approach by iteratively nudging the ocean temperature in the sub-shelf cavity, to minimise 

the difference between the modelled and observed thickness of the ice shelves. Since ocean conditions in the sub-shelf cavities 

are poorly constrained, and the extrapolated WOA temperatures have a large error, this approach essentially attempts to a 185 

posteriori reconstruct what these temperatures should look like, in order to produce a stable ice shelf with a thickness close to 

the snapshot target. All of this is, of course, under the assumption of the quadratic relation between ocean temperature and 

basal melt rates; if a different basal melt law is used, different ocean temperatures will be produced by the nudging scheme. 

The ocean temperatures are nudged on a per-grid-cell basis, with some smoothing applied to prevent spurious horizontal 

temperature gradients.  190 
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2.4.3 Inverted-BMB ocean forcing 

In our third scheme, we bypass ocean conditions altogether, and instead directly nudge the basal melt rates on a per-grid-cell 

basis: 

 )W
)+
= 𝑐$∆𝐻 + 𝑐4

)0
)+

.          (8) 

Here, 𝑚 is the sub-shelf melt rate, and 𝑐$ and 𝑐4 are constants (see Table 5). The 𝑑𝐻 𝑑𝑡⁄  term helps to stabilise the solution, 195 

preventing spurious oscillations. 
Table 5: Constants in the sub-shelf melt nudging scheme 

Parameter Value Units 

𝑐$  0.003 yr-2 

𝑐4  0.03 yr-1 

This approach is included to serve as a “sanity check”, verifying that the melt rates that are required to maintain a stable ice 

geometry are not wholly unphysical (which would indicate problems in the ice dynamics and/or the surface mass balance). It 

also has the advantage of producing an initial state that is, at least over the shelves, closer to observations than can generally 200 

be achieved when using a physical melt parameterisation (i.e. within a meter of the observed ice thickness). A downside is that 

this initial state cannot be meaningfully used for projections, as it is very difficult to adapt the resulting spatial distribution of 

melt to an evolving ice geometry. The ABUMIP experiments presented in Appendix A are an exception, as here the ice-sheet 

retreat is forced by calving, and no shelves exist at all. 

2.5 Sub-grid melt parameterisation 205 

UFEMISM offers different ways to treat basal melt near the grounding line. Following the nomenclature proposed by Leguy 

et al. (2021), these are called the “flotation criterion melt parameterisation” (FCMP) and the “partial melt parameterisation” 

(PMP). FCMP implies that the basal melt rate is applied only to grid cells whose grid point is floating, with no scaling; in the 

PMP scheme, this melt rate is scaled with the floating fraction of the grid cell (even when the grid point is grounded). 

2.6 Matching the observed thinning rates 210 

Following the approach by van den Akker et al. (2025), we subtract the observed ice thinning rates (Smith et al., 2020) from 

the prescribed surface mass balance (SMB) during the initialisation. This prevents biases in the friction or basal melt rates, 

where the model would otherwise attempt to counteract the thinning by artificially overestimating the friction, resulting in a 

bias towards a too stable ice sheet. When the initialisation is finished and the projection starts, we stop subtracting the thinning 

rates from the SMB, so that the ice sheet will immediately thin at (approximately) the observed rates. 215 
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3 Ensemble of initial states 

We have used UFEMISM v2.0 to produce an ensemble of initial states for simulations of the Antarctic ice sheet. The ensemble 

members differ in the sliding law (3 options), the nudging scheme for the bed roughness (3 options), the calculation of the 

basal melt (3 options), the treatment of basal melt around the grounding line (2 options), and the resolution at the grounding 

line (6 options). The different options are listed in Table 6. All these realisations used the same constant present-day surface 220 

mass balance, calculated using RACMO2.3p2 at a native resolution of 27 km, downscaled to a resolution of 2 km, and averaged 

over the period 1979 – 2021 (Noël et al., 2023). Note that the grounding-line resolution indicates the maximum allowed 

distance between vertices; in practice, the average distance between them (the ‘effective’ resolution) is typically about 20 % 

smaller. 
Table 6: Parameter choices in the UFEMISM model ensemble 225 

Parameter Options 

Sliding law Zoet-Iverson, Weertman (𝑚 = 3), Weertman (𝑚 = 4) 

Bed roughness nudging scheme H-u, H-dH/dt, H-dH/dt-local 

Ocean forcing WOA+quadratic, WOA-nudged+quadratic, inverted-BMB 

Sub-grid melt scheme FCMP, PMP 

Grounding-line resolution 20, 10, 5, 3*, 2*, 1* km 

 *only for Thwaites Glacier and Pine Island Glacier, 5 km everywhere else 

 

The initialisations at different resolutions are performed sequentially: first, the 20 km initialisation is run for 40,000 years, 

starting with a uniform, high value for the bed roughness. Then, the 10 km version is run for 20,000 years, starting with the 

final bed roughness distribution of the 20 km version. Then, the 5 km version is run for 10,000 years, starting with the final 

bed roughness of the 10 km version, etc. We find that the smaller-wavelength patterns in the bed roughness that are resolved 230 

by increasing the resolution, converge faster than the large-wavelength patterns resolved that were already resolved by the 

coarse-resolution simulation, explaining the shorter duration of the higher-resolution simulation. 

 

While most of the currently observed mass loss occurs at PIG and TG, many models in the ISMIP6 ensemble also/instead 

project substantial grounding-line retreat and mass loss at the Siple coast, the Bungenstock ice rise, the Institute ice stream, 235 

and occasionally around the Millennium ice stream and the Totten ice shelf (Seroussi et al., 2024). In the UFEMISM 

realisations presented here (shown in Section 4), most of the mass loss is concentrated around the Siple coast, with secondary 

contributions from the Bungenstock ice rise and the western section of the Ronne ice shelf. We will therefore analyse our 

model results over the entire AIS, as well as over the individual drainage basins of PIG and TG, the Ronne ice shelf and basin, 

and the Siple coast area (using the IMBIE basins; Zwally, 2012; see Fig. 1). 240 
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Fig. 1: The IMBIE drainage basins of PIG (blue), TG (red), the Siple coast (green), and the Ronne ice shelf (orange). 

 

Fig. 2 shows the RMSE in the modelled ice thickness (relative to BedMachine Antarctica v3; Morlighem et al., 2017) and 

surface velocity (relative to MEaSUREs Antarctica v2; Rignot et al., 2011) for all UFEMISM initialisations, compared to the 245 

models of the ISMIP6 ensemble by Seroussi et al. (2024, their Fig. 2, here recalculated for all model submissions). The different 

panels show these quantities calculated for the entire Antarctic ice sheet, as well as for the individual drainage basins.  

In terms of ice thickness, the UFEMISM ensemble performs well relative to the ISMIP6 ensemble, with the pan-Antarctic 

RMSE varying from approximately 50 to 200 m (compared to about 60 to 360 m for the ISMIP6 ensemble – a larger range 

than reported by Seroussi et al. (2024), as they only reported each model’s main submission). The velocity errors vary more 250 

widely, ranging from 70 to 390 m/yr (45 to 370 m/yr for the ISMIP6 ensemble). In the PIG, TG, and Ronne basins, most 

UFEMISM realisations and ISMIP6 models perform slightly worse than the pan-Antarctic average. Over PIG and TG, 

UFEMISM generally performs slightly better than the ISMIP6 ensemble, while over the Ronne basin, UFEMSIM produces 

comparable thickness errors but worse velocities. In the Siple coast area (a challenging region for models due to the presence 

of the relatively recently stagnated Kamb ice stream, causing a notable ice thickening rate), the UFEMISM realisations 255 

generally have small thickness errors, while the velocity errors show more variation though are still smaller than the pan-

Antarctic average. 
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Figure 2: Red circles: errors with respect to observations of ice thickness (BedMachine Antarctica v3; Morlighem et al., 2019) and 
ice velocity (MEaSUREs Antarctica v2; Rignot et al., 2011) for the UFEMISM realisations; black triangles: the same for the models 260 
in the ISMIP6 ensemble (Seroussi et al., 2024, their Fig. 2). Green circle: the ‘best’ UFEMISM realisation (i.e. with the lowest pan-
Antarctic 𝑸𝐢𝐧𝐢𝐭). 

To be able to study the relation between the ‘quality’ of a model’s initial state, and its future evolution, it is convenient to 

reduce the two RMSE values to a single scalar number. We do this by defining the dimensionless metric 𝑄SAS<: 

𝑄SAS< = a0XYZ[(0)
\V(	C

1
4
+ 0 XYZ[(%)

\V(	C	K?7!
1
4
.        (8) 265 

This metric can be viewed as the distance to the origin in Fig. 2. The scaling values of 450 m and 450 m/yr for the ice thickness 

and velocity errors are chosen to bracket the ISMIP6 ensemble, so that a value of 𝑄SAS< = 1 implies a realisation that is just 

slightly worse than the worst model in the ISMIP6 ensemble, whereas a value of 𝑄SAS< = 0 implies a perfect match with both 

BedMachine and MEaSUREs. The ISMIP6 ensemble has values of 𝑄SAS< ∈ [0.16, 0.9], whereas the UFEMISM ensemble has 

values of 𝑄SAS< ∈ [0.26, 0.81]. As with the RMSE’s, we additionally calculate 𝑄SAS< separately for the individual drainage 270 

basins. The values of the different 𝑄SAS< metrics are compared to each other in Fig. 3. The pan-Antarctic and basin-specific 

values of 𝑄SAS< are only weakly correlated, implying that the fact that a model produces a ‘good’ match over the entire ice sheet 

is no guarantee that it performs comparably well in a particular drainage basin. 

 
Figure 3: Comparison of the ‘quality of initial state’ metric 𝑸𝐢𝐧𝐢𝐭 calculated for the entire Antarctic ice sheet (𝑸𝐢𝐧𝐢𝐭,𝐩𝐚𝐧), versus for 275 
the individual drainage basins. The correlation coefficients 𝑹𝟐 are calculated only for the UFEMISM realisations, not for the ISMIP6 
ensemble. The ‘best’ UFEMISM realisation (green circle) is still the one with the lowest 𝑸𝐢𝐧𝐢𝐭,𝐩𝐚𝐧. 

Fig. 4 shows the errors in the modelled ice thickness and ice velocity, as well as the inverted bed roughness field, for the ‘best’ 

UFEMISM simulation (i.e. with the lowest pan-Antarctic 𝑄SAS<; see Fig. 2). This simulation used the Weertman (m=3) sliding 

law, the H-u nudging method, the inverted basal melt rates, the FCMP sub-grid melt scheme, and a 1 km grounding-line 280 

resolution. The ice thickness is generally within 300 m of the observations. The largest errors in the ice velocity occur over the 

Pine Island and Thwaites shelves, with the former flowing too slowly in the center and too fast in the shear margins. For the 

Thwaites shelf, there is a clear asymmetry, with the eastern part flowing too fast and the western part flowing too slowly. This 

might be a consequence of the absence of any damage modelling in UFEMISM (e.g. Bett et al., 2026). The inverted bed 
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roughness field appears to be quite smooth; although we must stress that, since there are virtually no observations of the friction 285 

field, any judgment of such an inverted product is entirely subjective, it does suggest that the quality of our initial state does 

not result from overfitting. 

 
Figure 4: A) error in modelled ice thickness, B) error in ice velocity, and C) inverted bed roughness for the ‘best’ UFEMISM 
simulation. Inset panels zoom in on the PIG and TG drainage basins. 290 

Fig. 5 shows how the choice of model parameters affects the pan-Antarctic thickness and velocity errors. As can be seen, the 

choice of sliding law and nudging method have the strongest influence on the ability of the model to produce an initial state 

close to the observations. For each of the three sliding laws, there are two ‘clusters’ of model realisations, which differ in the 

choice of nudging scheme; the H-u scheme generally produces smaller errors in the ice velocity and larger errors in the ice 

thickness, while the H-dH/dt scheme does the opposite. This seems logical, as the H-u scheme includes the errors with respect 295 

to the velocity observations in the calculation of the nudging weights. The reason for the different performance of the different 

sliding laws is less obvious, as allowing a free choice of friction coefficient means any sliding law should be able to produce 

the same distribution of basal shear stress. We suspect that the explanation involves the units of the bed friction coefficient, 

which can differ by several orders of magnitude between different sliding laws. While Eqs. 3 and 5 theoretically assume the 

friction coefficient C to be dimensionless, these differing magnitudes might affect the performance of the nudging scheme. 300 

Implementing dimensionless sliding laws along the lines of Greve (2025) might help solve these issues in future work. 

However, since the worst-performing UFEMISM realisations (combining the Zoet-Iverson sliding law and the H-dH/dt 

nudging scheme) are still bracketed by the ISMIP6 ensemble, we do not deem this a critical issue at present. 

The choice of ocean forcing has a small effect on the errors in the ice thickness, with the WOA+quadratic, WOA-

nudged+quadratic, and inverted-BMB producing progressively smaller errors. Calculating the RMSE only over the ice shelves 305 

(not shown) results in a stronger effect of the choice of ocean forcing, since both the WOA-nudged+quadratic, and inverted-
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BMB options generally result in near-perfect shelves. The choices of sub-grid melt parameterisation and grounding-line 

resolution do not appear to have any significant effect on the agreement between model and observations. 

 
Figure 5: Errors with respect to observations of ice thickness (BedMachine Antarctica v3; Morlighem et al., 2019) and ice velocity 310 
(MEaSUREs Antarctica v2; Rignot et al., 2011) for all 180 UFEMISM realisations, as a function of the choice of model parameters: 
A) sliding law, B) nudging method, C) ocean forcing, D) sub-grid melt scheme, E) grounding-line resolution. Box plots to the top and 
right of each panel show the distribution of RMSE’s in respectively the ice thickness and velocity, for the different parameter choices. 

4 Future projections 

We have performed a single future projection under SSP5-8.5 for each of the initial states described in the previous section, 315 

except for those where the basal melt rate was inverted, rather than derived from (nudged) ocean temperatures (as the resulting 

melt distribution is very difficult to adapt to an evolving ice geometry). Each of the projections used the same climate and 

ocean forcing, which was derived by taking the mean of the 4 GCM projections used for this experiment in ISMIP6 Ant2300 

(Seroussi et al., 2024). For this ensemble mean, the anomalies with respect to the 1979 – 2021 baseline period were calculated, 

and added to the (higher resolution, less biased) present-day climate calculated with the regional climate model RACMO2.3p2 320 

by Noël et al., 2023 in case of the surface mass balance, and to the baseline ocean state (either the WOA, or the nudged version 

thereof) in case of the basal mass balance. We did not include calving, nor any forced shelf collapse such as was done in the 

work by Seroussi et al. (2024). However, while we did not allow the calving front to advance beyond its present-day position, 

it could still retreat because of basal melt. Glacial isostatic adjustment was not included. All projections were initialised in the 

year 2014 and were run until the year 2300. Note that our choice of using the ensemble mean of the four different GCMs that 325 

were used in ISMIP6, means that we cannot directly compare the projected SLC to the models in that ensemble, due to the 

difference in climate forcing. 

 

Fig. 6 shows the resulting SLC for all projections. The inset panel shows that the modelled sea-level rate in 2014 generally 

matches the observed rate of 0.41 mm/yr, indicating that the ‘thinning rate compensation during initialisation’ approach by 330 

van den Akker et al. (2025) works well. However, whereas they find that their model continues that trend, and eventually 

sharply accelerates when the TG and/or PIG start to collapse, all UFEMISM projections stabilise within a few decades. It is 

only well into the 22nd century that some of the projections start to show an accelerating sea-level rate, although even then, the 
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majority remain very stable. By the year 2300, that small cluster of simulations projects a SLC of 0.45 – 1.45 m; the larger 

cluster of ‘stable’ simulations project between ~35 cm of sea-level rise, and ~12 cm of sea-level drop.   335 

 
Figure 6: Projected SLC under SSP5-8.5 for the UFEMISM ensemble. The small inset panel shows the first 50 years, and includes 
the observed present-day Antarctic sea-level contribution rate of 0.41 mm/yr. 

Fig. 7 shows where the mass loss occurs in the UFEMISM ensemble. Most of this is in the Siple coast area, with smaller 

contributions around the Bungenstock ice rise and the ice streams feeding into the western section of the Ronne ice shelf. The 340 

UFEMISM ensemble never shows any significant retreat of PIG and TG. The ISMIP6 ensemble is quite variable in this area, 

with a median retreat of the TG grounding line of about 100 km, and about 20 – 30 % of the ensemble showing no significant 

retreat at all (Seroussi et al., 2024, their Fig. 7). 

 
Figure 7: Fraction of models in the UFEMISM ensemble where currently grounded ice is still grounded in 2300. 345 

Fig. 8 shows how the choice of model parameters affects the projected SLC. As with the initial states, the strongest effects are 

from the choice of sliding law and of the nudging method. The choice of ocean forcing, sub-grid melt parameterisation, and 

grounding-line resolution do not seem to have much effect on the projected SLC. The ‘cluster’ of high-SLC realisations are 

those that combined the Zoet-Iverson sliding law with the H-u nudging method. All realisations using the Weertman sliding 

law (with both values of the exponent m) and/or the (local) H-dH/dt nudging method lie within the low-SLC cluster. 350 
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Figure 8: Projected SLC under SSP5-8.5 for the UFEMISM ensemble, showing the effects of the different model 

parameters. A) Sliding laws: Zoet-Iverson (blue), Weertman with m=3 (red), Weertman with m=4 (red). B) Nudging 

methods: H-u (blue), H-dH/dt (red), H-dH/dt local (green). C) Ocean forcing: WOA with quadratic melt 

parameterisation (blue), WOA with nudged temperatures with quadratic melt parameterisation (red). D) sub-grid melt 355 

parameterisations: FCMP (blue), PMP (red). E) grounding-line resolutions: 10 km (blue), 5 km (red), 3 km (green), 2 

km (orange), 1 km (purple). Coloured bars on the right-hand side of each graph show the range of projected SLC in 

the year 2300 for each parameter choice. 

 

Fig. 9 shows the projected SLC under SSP5-8.5 as a function of the initial state quality metric 𝑄SAS< for the entire Antarctic ice 360 

sheet, as well as for the individual drainage basins. The small cluster of high-SLC realisations is clearly visible. These 

simulations all have their pan-Antarctic values of 𝑄SAS< clustered between values of 0.5 – 0.6, while for the individual drainage 

basins, the quality of their initial states is more variable. Whether looking at the entire Antarctic ice sheet, or considering any 

specific basins, there appears to be no relation between the quality of a model’s initial state, and the SLC it projects in the 

future. 365 

 
Figure 9: projected SLC under SSP5-8.5 as a function of the initial state quality metric 𝑸𝐢𝐧𝐢𝐭, calculated for A) the entire Antarctic 
ice sheet, as well as only for B) the PIG and C) the TG drainage basins. 

We additionally used our ensemble of initial states to perform the ABUMIP-ABUK experiment (Sun et al., 2020), where the 

ice sheet is subjected to the instantaneous and sustained removal of all ice shelves. While this forcing is extreme bordering on 370 
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the unphysical, it serves as a useful end-member. The resulting sea-level curves as a function of the model choices, similar to 

Fig. 8, are shown in Appendix A. The general pattern of the variance in SLC is the same as for the SSP5-8.5 results in Fig. 8, 

being dominated by the choices of sliding law and nudging scheme, with negligible contributions from the ocean forcing, the 

sub-grid melt scheme, and the resolution. 

5 Discussion and conclusion 375 

We have presented an ensemble of realisations of the Antarctic ice sheet with the UFEMISM ice-sheet model. These 

realisations differ by several model parameter choices, including the sliding law, the sub-shelf melt forcing, and numerical 

parameters such as the algorithm used to invert for the bed roughness, the choice of sub-grid melt parameterisation at the 

grounding line, and the grid resolution. We have shown that, for all combinations of parameter choices, inverting for the bed 

roughness can produce a steady-state ice sheet that matches satellite-derived observations of the ice surface elevation and 380 

velocity, to the same degree as the recent ISMIP6 model ensemble (Seroussi et al., 2024). When projected into the future under 

the high-warming SSP5-8.5 scenario, these model realisations differ strongly in their projected sea-level contribution, varying 

from approximately 30 cm of sea-level drop to up to 1.5 m of sea-level rise in 2300. This is a lower limit to the ‘real’ 

uncertainty, as the selection of parameters that were varied in our ensemble is by no means exhaustive. For example, processes 

involving subglacial hydrology, ice fabric, damage, and calving are all highly parameterised or outright neglected in our model 385 

set-up. These missing processes are compensated for by the inversions for basal friction and sub-shelf melt, all of which can 

bias the response of the ice sheet to climate forcing. Additionally sampling the uncertainty in these processes would increase 

the variance in the projected SLC even further. 

 

In our ensemble, this variance is dominated by the choice of sliding law and of the algorithm used to invert for the bed 390 

roughness. Those two model choices also have the strongest effect on the ‘quality’ of the model’s initial state, following the 

ISMIP6 approach of defining this as the RMSE between the modelled and satellite-derived ice surface elevation and velocity. 

However, there appears to be no relation between the quality of the initial state of a model, and the amount of SLC it projects, 

regardless of whether that quality is assessed for the entire Antarctic ice sheet, or for only the PIG and/or TG basins. In recent 

years, there has been discussion amongst the ice-sheet modelling community about the large differences between the ‘quality’ 395 

of the initial states of different models in the ISMIP ensembles. While previous studies within ISMIP have always opted to 

allow all model submissions regardless of the quality of their initial state, it has been proposed that future model ensembles 

should exclude models that fail to meet a certain minimum quality (with subsequent discussions about how that quality should 

be quantified), or as a compromise, that individual models should be weighted by their initial state quality when performing 

statistical analysis of the ensemble (mean, median, etc.). However, our UFEMISM realisations show no relation between the 400 

quality of the initial states, and the projected SLC. Weighting or even excluding individual simulations would therefore not 
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strongly affect the ensemble statistics. Looking at Fig. 9, the minimum-maximum ensemble range would be affected only if 

models with 𝑄SAS<,JDA > 0.45 are excluded, which amounts to almost 60% of the ensemble. 

 

The satellite-derived observations of the ice-sheet surface elevation and velocity that are used a priori as ‘targets’ for the initial 405 

state of the ice-sheet model, and a posteriori to assess the quality of the initial state, all carry their own uncertainties. Most ice-

sheet models in the ISMIP6 ensemble, including UFEMISM, treat these data as ‘snapshots’ of the ice sheet at a certain fixed 

point in time. However, since the satellites do not pass over every location on the ice sheet every day, and because weather 

conditions do not always permit clear observations of the surface, datasets such as BedMachine and MEaSUREs are, in fact, 

aggregates of several years of observations, with irregular spatial and temporal coverage that differs between the datasets. 410 

There can be significant variations in both the ice geometry (mostly over the shelves, parts of which may have calved between 

years) and the ice velocity between those years, leading to inconsistencies in the aggregated dataset. For example, ice velocities 

in the MEaSUREs dataset over the TG basin can vary by over 15% on a year-to-year basis, even hundreds of kilometres 

upstream of the grounding line. Superimposed on the annual variations is an accelerating trend, caused by the incrementally 

collapsing shelf and the subsequent retreat of the grounding line. Since the different datasets have a different temporal 415 

coverage, this implies that it might not be possible for a numerical model to perfectly reproduce both of them simultaneously 

– or that, if it does, it might well be for the wrong reasons. 

 

Our results show that the choice of sliding law strongly affects the projected SLC, similar to findings by earlier studies (e.g. 

Sun et al., 2020). When using only ‘snapshot’ observations of the ice surface, it is fundamentally impossible to derive the form 420 

of the sliding law, as the instantaneous velocity distribution follows from the distribution of the basal shear stress, which can 

arise from any sliding law, given the proper distribution of bed roughness. Aside from theoretical considerations and laboratory 

experiments, the sliding law can only be derived from empirical observations if temporal variations are included. For example, 

Trevers et al. (2024) used temporal observations of Jakobshavn Isbrae in Greenland to conclude that an ice-sheet model with 

a regularised Coulomb sliding law was best able to reproduce those observations. Applying similar methods to PIG and TG to 425 

determine the sliding laws governing those ice sheets could prove valuable, though complicated, as the temporal variations in 

velocity there are linked to variations in buttressing due to both calving and damage of the shelves – processes that are poorly 

or not at all represented in many ice-sheet models. Furthermore, the basal shear stress applied by the substrate to the sliding 

base of the ice is modulated by the presence of liquid water between the ice and the substrate. This subglacial hydrological 

system is yet another component of the ice-sheet system that is poorly understood, and consequently poorly or not at all 430 

represented in many ice-sheet models. Recent studies have shown that adding such processes to a model can strongly affect 

its response to climate forcing (e.g. Kazmierczak et al., 2022). 

 

The misrepresentation or absence of physical processes such as calving, damage, and subglacial hydrology leads to biases in 

ice-sheet models. However, when inverse methods such as the nudging schemes discussed here are used to derive the 435 
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distribution of bed roughness or basal shear stress, those biases are (partially or mostly) compensated for by opposite errors in 

the bed roughness. Berends et al. (2023b) showed that such compensating errors imply that the initial state of the model might 

look ‘correct’, but for the wrong reasons – and that the SLC that is found when integrating that model into the future is still 

affected. This implies that using the ‘quality’ of a model’s initial state to weight or even exclude it from a model ensemble 

might not achieve the desired result of producing a more reliable ensemble, as this could potentially exclude models that have 440 

‘better’ physics forced with imperfect input, in favour of models with ‘worse’ physics, where the resulting errors are 

erroneously compensated for by an inversion. Only when more, and more reliable observations of the ice-sheet’s sub-surface 

and temporal evolution become available, and more robust methods are developed to assess a model’s ability to reproduce 

them, will we be able to further reduce the range of possible parameter choices, and thereby the uncertainty in future projections 

of Antarctica’s SLC. 445 

Appendix A – ABUMIP 

To assess the response of the different UFEMISM realisations to an extreme high-end forcing, and verify that the model can 

in principle produce a collapse of the entire West Antarctic ice sheet from ice dynamics alone, we also performed the ABUMIP-

ABUK experiment (Sun et al., 2020), where all floating ice is removed during the simulation. The surface mass balance is kept 

unchanged from the initialisation during these simulations, so that no mass loss from climate change is included; any mass 450 

loss is caused by the complete loss of buttressing, which can, depending on model choices, result in a complete collapse of the 

West Antarctic ice sheet, and in substantial retreat in several marine-grounded sectors of East Antarctica. The sea-level curves 

of the different UFEMISM simulations are shown in Fig. A1. The sea-level contribution at the end of the 500-year experiment 

varies from 0.6 to 9.1 m, comparing well to the range of 2 – 10 m of the multi-model ensemble in Sun et al. (2020). 

 455 
Figure A1: Projected SLC in the ABUMIP-ABUK experiment for the UFEMISM ensemble. 
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Fig. A2 shows how the choice of model parameters affects the projected SLC. As in the SSP5-8.5 simulations, the strongest 

effects are from the choice of sliding law and the nudging method. The sub-shelf melt forcing, sub-grid melt parameterisation, 

and model resolution do not seem to be very important. 

 460 
Figure A2: Projected SLC in the ABUMIP-ABUK experiment, showing the effects of the different model parameters. 

A) Sliding laws: Zoet-Iverson (blue), Weertman with m=3 (red), Weertman with m=4 (red). B) Nudging methods: H-u 

(blue), H-dH/dt (red), H-dH/dt local (green). C) Ocean forcing: WOA with quadratic melt parameterisation (blue), 

WOA with nudged temperatures with quadratic melt parameterisation (red). D) sub-grid melt parameterisations: 

FCMP (blue), PMP (red). E) grounding-line resolutions: 10 km (blue), 5 km (red), 3 km (green), 2 km (orange), 1 km 465 

(purple). Coloured bars on the right-hand side of each graph show the range of projected SLC after 500 years for each 

parameter choice. 
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