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Abstract. Projections of Antarctic Ice Sheet mass loss and
therefore global sea level rise are hugely uncertain, partly due
to how mass loss of the ice sheet occurs at the grounding line.
The Wilkes Subglacial Basin (WSB), a vast region of the
East Antarctic Ice Sheet, is thought to be particularly vulner-
able to deglaciation under future climate warming scenarios.
However, future projections of ice loss, driven by grounding-
line migration, are known to be sensitive to the parameteri-
zation of ocean-induced basal melt of the floating ice shelves
and, specifically, to the adjacent grounding line – termed
grounding-line melt parameterizations (GLMPs). This study
investigates future ice sheet dynamics in the WSB with re-
spect to four GLMPs under both the upper and lower bounds
of climate warming scenarios from the present to 2500, with
different model resolutions, ice shelf melt parameterizations
(ISMPs) and choices of sliding relationships. The variation
in these GLMPs determines the distribution and the amount
of melt applied in the finite-element assembly procedure
on partially grounded elements (i.e. elements containing the
grounding line). Our findings indicate that the GLMPs sig-
nificantly affect both the trigger timings of tipping points and
the overall magnitude of ice mass loss. We conclude that ap-
plying full melting to the partially grounded elements, which
causes melting on the grounded side of the grounding line,
should be avoided under all circumstances due to its poor
numerical convergence and substantial overestimation of ice
mass loss. We recommend preferring options that depend on

the specific model context, by either (1) not applying any
melt immediately adjacent to the grounding line or (2) em-
ploying a sub-element parameterization.

1 Introduction

Melting beneath ice shelves and iceberg calving are recog-
nized as equally important contributors to the current mass
loss of the Antarctic Ice Sheet (Greene et al., 2022), account-
ing for a total contribution of approximately 5.2 mm to global
sea level rise since 2003 (Smith et al., 2020). Basal melting
plays a crucial role in the contemporary amplification of ice
discharge in Antarctica (Noble et al., 2020; Adusumilli et al.,
2020). Variations in basal melt rates exert significant influ-
ence on ice shelf thickness, with thinning leading to a dimin-
ished ice shelf buttressing effect. The reduction in buttress-
ing subsequently results in the acceleration of ice streams
that supply the ice shelf. Such acceleration contributes to dy-
namic thinning of the ice upstream of the grounding line, in-
ducing grounding-line retreat. The associated loss of basal
resistance may, in turn, provoke a positive feedback if the
subglacial topography deepens towards the interior of the
continent. This unstable behaviour is known as the marine
ice sheet instability (MISI) (Schoof, 2007; Favier et al., 2014;
Robel et al., 2019).
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Figure 1. Bed topography of the Wilkes Subglacial Basin (WSB) and the designated catchment used as the model domain. The three primary
outlet glaciers of the WSB (Cook, Ninnis and David glaciers) are marked. The orange contour delineates the model domain in this study.

The Wilkes Subglacial Basin (WSB; Fig. 1), located west
of the Transantarctic Mountains in East Antarctica, spans ap-
proximately 400 000 km2, with depths extending as far as
2000 m below sea level in a deep marine-based setting. Ice
flow predominantly occurs along two deep troughs extend-
ing subglacially towards the Cook and Ninnis ice shelves,
which currently discharge 40.6 and 23.0 Gta−1 of ice into the
ocean, respectively (Rignot et al., 2019, Fig. 1). The WSB
is notable for its extensive ice reserves and vulnerability to
marine ice sheet instability (Crotti et al., 2022; Mengel and
Levermann, 2014). Tipping-point behaviour (onset and con-
tinuation of MISI) has been shown to occur in simulations
(Sutter et al., 2020; Mengel and Levermann, 2014), yet there
is a paucity of observations and modelling efforts to inform
this potentially unstable behaviour (Golledge et al., 2017).
As such, the WSB may be particularly sensitive to melt-
ing beneath the ice shelf and the grounding-line dynamics,
thereby rendering the disparities among our sensitivity ex-
periments more pronounced. These factors motivated us to
select the WSB as the focus of our study.

Recent studies indicate that the migration of the ground-
ing line is extremely sensitive to how basal melt occurs adja-
cent to the grounding line (Parizek et al., 2013; Arthern and

Williams, 2017; Reese et al., 2018; Goldberg et al., 2019).
However, due to constrained observations, our understand-
ing of the actual melt rates at the grounding line and their
underlying mechanisms remains in its infancy (Robel et al.,
2022). Traditional plume and ocean models generally pre-
dict that the basal melt rates tend to approach zero near the
grounding line (e.g. Galton-Fenzi, 2009; Lazeroms et al.,
2018; Cornford et al., 2020; Burgard et al., 2022), with the
peak melt occurring about 10 to 15 km away from it (Slater
et al., 2017, 2020). In a detailed study, Burgard et al. (2022)
applied the ocean model NEMO to simulate Antarctic ice
shelf melt rates, finding more than half of the ice shelves
show melt rates approximating zero at the grounding line,
with an average rate of 0.45 ma−1 across all of them. Nev-
ertheless, other studies challenge this traditional understand-
ing represented by the plume model. Robel et al. (2022) dis-
cussed the possibility of high melting at and even glaciolog-
ically upstream of the grounding line caused by the intrusion
of layered warm salty water. In their theoretical model ex-
periments, seawater intrudes as far as several kilometres up-
stream of the grounding line, potentially doubling ice mass
loss (Robel et al., 2022). Ciracì et al. (2023) validated the
seawater intrusion theory by analysing satellite radar interfer-
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ometry, revealing melt rates of up to 80 ma−1 in the tidally
influenced grounding zone of Petermann Glacier in Green-
land. From another perspective, the Antarctic basal melt rates
computed by Adusumilli et al. (2020), based on remote sens-
ing observations and ice flux divergence calculation, do not
show a pattern of melt rates approaching zero at the ground-
ing line. In this study, both zero melt and high melt near the
grounding line are examined through different ice shelf melt
parameterizations (ISMPs).

Modelling studies suggest that ice sheet models may be
more sensitive to melt rates near the grounding line than to
cavity-integrated melt rates beneath ice shelves (e.g. Gagliar-
dini et al., 2010; Reese et al., 2018; Morlighem et al., 2021).
As such, accurately simulating melt patterns, particularly
near the grounding line, might be at least as important as
simulating realistic integrated melt (Burgard et al., 2022).
Accurate representation of basal melt at the grounding line
is crucial for ice flow models to reduce uncertainties in fore-
casting ice sheet dynamics and future mass loss (Seroussi and
Morlighem, 2018). However, due to the discretization of the
general fixed-grid ice sheet model, there inevitably exist grid
cells or elements at the grounding line where ice is partially
grounded and partially floating. How to represent basal melt-
ing within these cells remains a challenging and unresolved
issue, which is further explored here.

In the past decade, various parameterization schemes for
handling sub-grid scale features at the grounding line in basal
friction and melt have been explored (e.g. Gladstone et al.,
2010; Leguy et al., 2014; Seroussi et al., 2014; Feldmann
et al., 2014; Arthern and Williams, 2017; Leguy et al., 2021).
The initial motivation to explore grounding-line parameteri-
zation was to optimize the treatment of basal friction at the
grounding line, given its high impact on grounding-line dy-
namics (Seroussi et al., 2014). Sub-element parameteriza-
tions for the representation of basal friction generally over
partially grounded elements provide improved convergence
of model behaviour with a finer mesh resolution (Leguy
et al., 2014; Seroussi et al., 2014; Feldmann et al., 2014),
and they are widely used in subsequent research on ice sheet
modelling (e.g. Seroussi et al., 2019, 2020; Nowicki et al.,
2020). Seroussi and Morlighem (2018) pioneered a compre-
hensive study on representation of basal melt under partially
floating cells, based on the MISMIP model configuration
(Asay-Davis et al., 2016). They recommend for models to
avoid the application of melt rates over entire partially float-
ing cells, as this gives worse convergence with resolution and
overestimates grounding-line retreat at typically used resolu-
tions (Seroussi and Morlighem, 2018). Following this, a ma-
jority of subsequent ice sheet modelling efforts adopt melt
parameterizations assuming zero melt at the grounding line
(Seroussi et al., 2019, 2020). In ice sheet model intercom-
parisons, such as initMIP-Antarctica (Seroussi et al., 2019),
it was found that marine ice sheet models using sub-element
melt (SEM) parameterizations are consistently more sensi-
tive to ocean forcing than those without melt applied to these

elements (increasing the Antarctic contribution to sea level
rise by 50 %–100 %; Seroussi et al., 2019). However, recent
studies (Leguy et al., 2021; Berends et al., 2023) suggest that,
in their finite-difference-based model experiments, models
applying melt at the grounding line on the partially floating
cells overall outperform those not applying melt in terms of
convergence with resolution.

This study seeks to delve deeper into various parameteri-
zation solutions for basal melt at the grounding line applied
to the domain of the Wilkes Subglacial Basin through a series
of sensitivity experiments. We detail the methods in Sect. 2,
including model configurations and inversions for ice viscos-
ity and basal friction, as well as the experimental design of
transient simulations. The results of a series of sensitivity ex-
periments are presented in Sect. 3, with a subsequent discus-
sion in Sect. 4. Conclusions are provided in Sect. 5.

2 Methods

We use Elmer/Ice (Gagliardini et al., 2013) to conduct a se-
ries of ice sheet simulations for the WSB. Elmer/Ice is an
open-source finite-element ice sheet–ice shelf model capa-
ble of solving the full-Stokes equations but also allows for
various simplifications, such as the shallow-shelf approxi-
mation we use here (SSA; MacAyeal, 1989). We conduct
a series of sensitivity experiments of the WSB with SSA
to investigate the sensitivity of grounding-line movement
and ice mass loss to different grounding-line melt parame-
terizations (GLMPs). The workflow is illustrated in Fig. 2.
The sensitivity experiments encompass a range of model
choices, including two basal-friction laws; two climate forc-
ing scenarios; four characteristic mesh resolutions; two ice
shelf melt parameterizations (ISMPs); and, as the focus of
the study, four GLMPs for the partially floating elements.
Each simulation is designated by the naming convention
FL_SSP_RES_ISMP_GLMP, with the specific components
detailed in Table 1. The model components involved will be
introduced in detail in the following subsections, which in-
clude the model setup and inversions (Sect. 2.1) and transient
simulations (Sect. 2.2), covering both historical and future
runs sequentially.

2.1 Model setup and inversions

The two-dimensional (2-D) mesh used for the WSB domain
is constructed using Gmsh (Geuzaine and Remacle, 2009).
It features a quasi-uniform, unstructured triangular grid at a
1 km resolution. The inland domain boundary defining the
glacier basin of the WSB model is sourced from MEaSUREs
Antarctic Boundaries, Version 2 (Mouginot et al., 2017; Rig-
not et al., 2013). The coastline boundary, initial ice geome-
try and bed topography are taken from MEaSUREs BedMa-
chine Antarctica, Version 3 (Morlighem, 2022; Morlighem
et al., 2020). The locations of the calving front and inland
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Figure 2. Overview of the experimental workflow in this study. Marked in brackets is the resolution of the model grid. The results obtained
from the inversion, including basal-friction parameter β and viscosity enhancement factor Eη, are interpolated onto four grids to initialize
the subsequent historical runs.

Table 1. Summary of the simulation naming convention. SSP: Shared Socioeconomic Pathway. WCS: water column scaling. NMP: no-melt
parameterization. FMP: full-melt parameterization. SEM: sub-element melt.

Name part Meaning Possible values

FL Basal-friction law Weertman or Coulomb
SSP Emission scenario of thermal forcing SSP126 or SSP585
RES Characteristic mesh resolution 250 m, 500 m, 1 km, 2 km
ISMP Ice shelf melt parameterization NoWCS, WCS75
GLMP Grounding-line melt parameterization NMP, FMP, SEM1, SEM3

boundary are held fixed throughout the simulations. A min-
imum ice thickness of 15 m is maintained to preserve a thin
ice shelf as it retreats. We then conduct mesh refinement us-
ing Mmg (Dapogny et al., 2014) to optimize computational
efficiency without compromising accuracy. We estimate the
location of the grounding line in the year 2300, based on the
projected grounding-line movement under the most severe
ice loss scenario from the Antarctic model in the ISMIP6-
2300 project (Seroussi et al., 2024). For the area downstream
of this line, the grid is refined to characteristic resolutions of
250 m, 500 m, 1 km and 2 km, respectively (Fig. 3), in prepa-
ration for subsequent sensitivity experiments. Conversely, for
its upstream inland region, the mesh resolution is progres-
sively transitioned to coarser scales. The four grids maintain
a very similar mesh resolution in the far inland area, char-
acterized by elements with a horizontal extent of approxi-
mately 17 km. This refinement strategy is designed to prevent
the grounding line from retreating into areas of coarser res-
olution during centennial-scale transient runs. Besides, the
local refinement metric draws upon both ice surface veloc-
ity observations (Mouginot et al., 2019a, b) and ice thick-
ness (Morlighem, 2022; Morlighem et al., 2020), allocating
slightly a finer resolution to regions with pronounced gradi-
ents in velocity and thickness. The statistics of the four grids
are shown in Table 2.

Table 2. Summary of the four grids.

Mesh resolution Nodes Triangular elements

2 km 54 771 94 894
1 km 172 389 316 170
500 m 612 204 1 142 726
250 m 2 317 821 4 270 368

In this study, we solve the 2-D vertically integrated SSA
equations (MacAyeal, 1989) for the stress balance. We con-
sider two friction laws for the basal shear stress τ b, the linear
Weertman law (Weertman, 1957) and regularized Coulomb
law (Joughin et al., 2019):

τ b =−CWub, (1)

τ b =−λCC ·

(
‖ub‖

‖ub‖+ u0

) 1
m ub

‖ub‖
, (2)

where CW and CC are friction coefficients and ub is the
basal velocity field. This form of the regularized Coulomb
law, Eq. (2), follows Joughin et al. (2019), which subsumed
the potentially non-linear dependence of effective pressureN
into the friction coefficient CC. λ is used as a scaling factor:
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Figure 3. Refined grid for the Wilkes Subglacial Basin with a 1 km characteristic mesh resolution (a); grid details at the Ninnis Ice Shelf,
marked by a red box in (a), with 2 km (b), 1 km (c), 500 m (d) and 250 m (e) characteristic mesh resolutions.

λ=

{
1, for haf ≥ hT
haf
hT
, otherwise,

(3)

where haf is the height of ice above flotation and hT is a
threshold height. Joughin et al. (2019) demonstrate that the
Coulomb friction field has relatively low sensitivity to the
choice of parameter u0 and suggest that their parameter set-
ting can be transferred for use with general glaciers well. We
set u0= 300 ma−1 and hT= 75 m for all experiments that
use the regularized Coulomb law, following the settings by
Hill et al. (2023). m is a positive exponent corresponding to
the creep exponent in Glen’s law (Glen, 1958). Here, we use
m= 3 following Joughin et al. (2019) and Hill et al. (2023).
We assume a non-linear isotropic rheology following Glen’s
flow law (Glen, 1958). For the viscosity η, we use

η = E2
ηη0, (4)

where η0 represents the reference field for η. It is calcu-
lated from a 2-D temperature field, which is obtained by
vertically averaging a three-dimensional (3-D) field. The 3-
D field is derived from a multi-millennial spin-up of all of
Antarctica, utilizing the ice sheet model SICOPOLIS (Greve
et al., 2020; Seroussi et al., 2020). Furthermore, the values
for activation energies and prefactors, essential for comput-
ing the temperature-dependent rate factor A in accordance
with Glen’s flow law, are adopted from Cuffey and Paterson

(2010). The term Eη in the equation stands for the viscos-
ity enhancement factor, the determination of which will be
achieved through inversion processes.

In this study, we invert the basal shear stress and ice vis-
cosity using the refined 1 km resolution mesh (Fig. 2a), with
ice velocity observations (Mouginot et al., 2019a, b) as the
optimization target. We employ the linear Weertman law
to compute the basal shear stress in the inversion process.
More specifically, we utilize the adjoint inverse method with
Tikhonov regularization, as described in Gillet-Chaulet et al.
(2012) and Brondex et al. (2019) to invert the friction param-
eter β and viscosity enhancement factor Eη simultaneously.
β is given by CW = 10β . The inversion criterion is twofold:
to minimize the velocity misfit and to avoid over-fitting of
the inversion solution to non-physical noise in the velocity
observation. We introduce three regularization terms in the
total cost function:

Jtot = J0+ λβJregβ + λEη1JregEη1 + λEη2JregEη2 . (5)

The misfit between the magnitudes of simulated (u) and
observed (uobs) surface velocity is encapsulated in the first
cost term J0, which is a discrete sum evaluated directly at
every grid node:

J0 =

Nobs∑
1

1
2
||u−uobs||

2, (6)

where Nobs is the total number of grid nodes with observa-
tions. The terms Jregβ and JregEη1

are implemented to pe-
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nalize the first spatial derivatives of β and Eη, respectively.
Meanwhile, JregEη2

penalizes the deviations from the prior
(i.e. Glen’s flow law; Eη = 1). The coefficients λβ , λEη1

and λEη2 are positive regularization weighting parameters.
We determine the optimal combination of these three pa-
rameters by conducting an “L-surface” analysis, resulting in
λβ = 20 000, λEη1 = 10 000 and λEη2 = 0.02. This L-surface
analysis represents an innovative aspect of this study and is
elaborated upon in Appendix A.

The spatial distributions of the two parameters are shown
in Fig. 4a and b, respectively. As shown in Fig. 4c, the veloc-
ity difference between the inversion result and observations
(Mouginot et al., 2019a) was assessed in terms of relative
difference. The results indicated that the simulated veloci-
ties from the inversions were in good agreement with the
observed velocities, especially in the fast-flow areas where
velocities exceed 200 ma−1 (Fig. 4c). In these fast-flow re-
gions, relative differences are predominantly below 5 %. In
Fig. 4c, the blue area indicates a high relative-velocity dis-
crepancy and corresponds to regions with very slow flow
(mostly below 5 m a−1). Therefore, it does not present a con-
cern. Such findings underscore that the inversion results can
effectively serve as a reliable starting point for subsequent
transient experiments. We interpolate the simulated basal-
friction coefficient β and viscosity enhancement factor Eη
from the 1 km resolution grid onto the 250 m, 500 m and
2 km resolution grids. These interpolations serve as the start-
ing points for the subsequent historical runs on the four dis-
tinct grids (Fig. 3).

2.2 Transient simulations

We explore the sensitivity of ice dynamics to the four differ-
ent GLMPs by conducting a series of transient simulations.
After the inversions, we initiate historical runs to smoothly
transition the model past an initial adjustment phase in the
forward transient simulations (Fig. 2). The historical runs
span 20 years, from 1995 to 2015. Then we conduct fu-
ture runs from 2015 to 2500 (Fig. 2). Each future run is di-
rectly paired with a corresponding historical run, maintaining
a consistent model configuration throughout.

As the primary focus of this study, we test four GLMPs for
partially floating elements, as shown in Fig. 5. We essentially
adopt the parameterization schemes outlined by Seroussi and
Morlighem (2018) in an idealized domain. The “full-melt pa-
rameterization” (FMP) applies melt across all partially float-
ing elements, irrespective of the grounding line’s exact posi-
tion. Conversely, for the “no-melt parameterization” (NMP),
there is no melt applied to any part of these elements. The
remaining two schemes employ sub-element parameteriza-
tions. In “sub-element melt 1” (SEM1), melt is applied to
the entire area of partially floating elements, but its magni-
tude is reduced based on the fraction of the area of float-
ing ice in the element. This ensures that the total melt over
the element is proportionate to the floating ice area. In “sub-

Figure 4. The optimized basal resistance parameter β (a), viscosity
enhancement factor Eη (b) and relative surface horizontal veloc-
ity discrepancy (c) for the WSB. The relative surface velocity dis-
crepancy is the magnitude of the surface horizontal velocity differ-
ence between observations (Mouginot et al., 2019a) and simulations
as a fraction of the observations. The three contours (yellow, or-
ange and red) represent the observed surface velocities of 200, 700
and 1000 ma−1, respectively. The white contour in (c) represents
the observed surface velocity of 5 ma−1. The black line represents
the grounding line from BedMachine Antarctica V3 (Morlighem,
2022).
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Figure 5. Grounding-line discretization. Grounding line’s exact location (a), no-melt parameterization (NMP; b), full-melt parameterization
(FMP; c), sub-element melt parameterization 1 (SEM1; d) and sub-element melt parameterization 3 (SEM3; e). This figure is adapted from
Seroussi and Morlighem (2018).

element melt 3” (SEM3), an increased number of 20 inte-
gration points are used during the finite-element assembly
procedure within any partially floating element. We deter-
mine the float/ground status for each point and calculate the
basal melt rate for the floating points based on its specific
coordinates. It is named SEM3 to differentiate it from SEM2
in Seroussi and Morlighem (2018). In essence, our SEM3
aligns with the principles of sub-element parameterization 3
(SEP3) from Seroussi et al. (2014), which indicate that with
a sufficient number of integration points, the functionality
of SEP3 closely mirrors that of sub-element parameteriza-
tion 2 (SEP2). Thus, we anticipated that SEM3 in this study
will perform similarly to SEM2 as described by Seroussi and
Morlighem (2018). For basal friction on the partially float-
ing elements, we consistently adopt SEP3 with 20 integration
points for all transient experiments, following the methods
discussed by Seroussi et al. (2014).

We impose surface mass balance (SMB) and basal mass
balance (BMB) data sourced from the ISMIP6-2300 project
(Seroussi et al., 2024), based on CMIP6 (Coupled Model
Intercomparison Project) climate model data, as the forc-
ing. More specifically, the SMB consists of an average value
for the reference period SMBref and yearly SMB anomalies
aSMB:

SMB(x,y, t)= SMBref(x,y)+ aSMB(x,y, t). (7)

In this equation, SMBref represents the temporal average
spanning 1995 to 2300 and is derived from MAR simu-
lation products (Agosta et al., 2019). aSMB is calculated

based on thermal forcing from climate models, detailed be-
low. Following the ISMIP6-2300 standard melting parame-
terization (Seroussi et al., 2024), the BMB is calculated us-
ing a quadratic function of thermal forcing as described by
Favier et al. (2019), complemented by a thermal forcing cor-
rection suggested by Jourdain et al. (2020). Building upon
this, we produce a revised version, whereby the basal melt
rate smoothly transitions to zero as it approaches the ground-
ing line:

ms(x,y)=m(x,y) tanh
(
Hc

Hc0

)
, (8)

where Hc is the water column thickness beneath the ice
shelf and Hc0 is a threshold thickness. An empirical value
of Hc0= 75 m is adopted here, with the justification for this
choice detailed in Asay-Davis et al. (2016). This water-
column-thickness-based scaling is inspired by prior research
(e.g. Asay-Davis et al., 2016; Gladstone et al., 2017) and
serves as a comparison to Experiment 1 in Seroussi and
Morlighem (2018). In the naming convention (Table 1), this
modified ISMP is designated WCS75 (water column scal-
ing with a threshold thickness of 75 m), while the original
version is labelled NoWCS (no water column scaling). The
comparison of the two ISMPs used is shown in Fig. 6. It
is important to distinguish between the roles of ISMPs and
GLMPs. ISMPs essentially represent two distinct physical
assumptions regarding the melt rate around the grounding
line, whereas GLMPs represent different parameterized im-
plementations of the model.
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Figure 6. The basal mass balance distributions under the Cook Ice Shelf at a 1 km characteristic mesh resolution. Panel (a) shows the
standard quadratic local parameterization from ISMIP6-2300. Panel (b) depicts the modified version using water column scaling with a
threshold thickness of 75 m.

We utilize the thermal forcing provided by the ISMIP6-
2300 project (Seroussi et al., 2024) to determine the BMB
and aSMB applied during the transient simulations. Two
emission scenarios are adopted in the two CMIP6 models
for generating the thermal forcing: one sourced from the
CESM2 climate model under SSP5-8.5 and the other from
the UKESM1 model under SSP1-2.6. The original forcing
data from the ISMIP6-2300 project span the period from
1995 to 2300. Beyond 2300, we extrapolate the forcing to
the year 2500 by randomly sampling values from the 2280 to
2300.

Two basal sliding laws are employed in the sensitivity
experiments, the linear Weertman law and the regularized
Coulomb law, Eqs. (1) and (2). The basal-friction parame-
ter CW for the linear Weertman law is derived directly from
inversions. To derive the basal-friction parameter CC for the
regularized Coulomb law, we transform the inverted basal-
friction parameter β into CC by substituting Eq. (1) into
Eq. (2):

CC =
10β

λ

(
‖ub‖+ u0

‖ub‖

) 1
m

‖ub‖. (9)

This ensures that the basal shear stress remains consistent
throughout the conversion process.

3 Results

This section presents the results of the future simulations
from 2015 to 2500, featuring a comprehensive comparative
analysis based upon the time series of two quantitative met-
rics: total ice mass and total grounding-line flux of the model.

The analysis focuses on the high-emission scenario exper-
iments because we can evaluate the effect of GLMPs best
when the grounding line migrates. We also include results
from simulations under a low-emission scenario in order for
comparison. Figures 7 and 8 represent the evolution of to-
tal ice mass and the total grounding-line flux, respectively,
under a high-emission scenario (SSP5-8.5) with the appli-
cation of the linear Weertman sliding law. Figures 9 and 10
showcase these variables under the same emission scenario
but using the regularized Coulomb sliding law. Figure 11 il-
lustrates the evolution of ice thickness and grounding-line
retreat in the future run. Although we have not demonstrated
grounding-line hysteresis or irreversibility as discussed by
Schoof (2007), our projections of rapid grounding-line re-
treat across the retrograde section of the bedrock, compared
to the retreat rates across the upsloping bed, strongly indicate
that MISI can occur in this region.

In the linear Weertman experiments, a majority of the
model configurations exhibit a relatively stable grounding-
line flux over the initial 200-year span (Fig. 7). During this
period, the grounding line undergoes a retreat across the
comparatively shallow and flat bed topography, as shown in
Fig. 11, with persistent ice shelf thinning mainly caused by
the basal melt. This phase is characterized by a stable total ice
mass, as shown in Fig. 8. The onset of a surge in grounding-
line flux (Fig. 7) signals the tipping point of MISI, marked by
an accelerated retreat of the grounding line into retrograde
deep troughs (Fig. 11; after the year 2200), subsequently
manifesting itself as rapid ice mass loss in Fig. 8. The peak
of grounding-line flux corresponds to a major rapid retreat
of the grounding line within the troughs upstream of Cook
Glacier (Fig. 11). The tipping point of MISI, indicative of a
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Figure 7. Total grounding-line flux simulated from 2015 to 2500 under the high-emission scenario (SSP5-8.5) using the linear Weertman
sliding law. The figures represent NMP (a, e), FMP (b, f), SEM1 (c, g) and SEM3 (d, h), along with two ISMPs, NoWCS (a–d) and
WCS75 (f–h). Each plot represents ice flux for the four mesh resolutions: 2 km (blue), 1 km (red), 500 m (yellow) and 250 m (purple).

Figure 8. Total ice mass simulated from 2015 to 2500 under the high-emission scenario (SSP5-8.5) using the linear Weertman sliding law.
The figures are represent NMP (a, e), FMP (b, f), SEM1 (c, g) and SEM3 (d, h), along with two ISMPs, NoWCS (a–d) and WCS75 (f–h).
Each plot represents the ice mass change for the four mesh resolutions: 2 km (blue), 1 km (red), 500 m (yellow) and 250 m (purple).
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Figure 9. Total grounding-line flux simulated from 2015 to 2500 under the high-emission scenario (SSP5-8.5) using the regularized Coulomb
sliding law. The figures represent NMP (a, e), FMP (b, f), SEM1 (c, g) and SEM3 (d, h), along with two ISMPs, NoWCS (a–d) and
WCS75 (f–h). Each plot represents ice flux for the four mesh resolutions: 2 km (blue), 1 km (red), 500 m (yellow) and 250 m (purple).

Figure 10. Total ice mass simulated from 2015 to 2500 under the high-emission scenario (SSP5-8.5) using the regularized Coulomb sliding
law. The figures represent NMP (a, e), FMP (b, f), SEM1 (c, g) and SEM3 (d, h), along with two ISMPs, NoWCS (a–d) and WCS75 (f–h).
Each plot represents the ice mass change for the four mesh resolutions: 2 km (blue), 1 km (red), 500 m (yellow) and 250 m (purple).
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Figure 11. The evolution of ice thickness along a characteristic flowline on Cook Glacier, as projected in the future run
Coulomb_SSP585_500m_WCS75_SEM3 for illustration. The rainbow-coloured outlines represent the time series progression of ice thick-
ness in the future run. The inset shows the location of the flowline in red. For a better visual presentation, ice at the front with a thickness of
less than 20 m is not shown.

critical transition in ice sheet dynamics, is generally attained
around the year 2300 in experiments with water column scal-
ing (Fig. 8e and f), while for the experiments without water
column scaling (Fig. 8a–d), the timing of tipping point is sig-
nificantly advanced. NoWCS_NMP reaches the tipping point
around 2250 (Fig. 7a), NoWCS_FMP reaches it around 2150
(Fig. 7b), and both NoWCS_SEM1 and NoWCS_SEM3 at-
tain it around 2200 (Fig. 7c and d), yielding very similar pre-
dictions. Notably, Weertman_SSP585_2km_NoWCS_FMP
predicts the highest ice mass loss, at 1.04× 105 Gt, doubling
that of Weertman_SSP585_250m_NoWCS_FMP. This high-
lights the substantial dependency of the FMP scheme on grid
resolution.

In the regularized Coulomb experiments, the system is rel-
atively stable for the initial 100 years with NoWCS (Fig. 7a–
d) and for around 150 years with WCS75 (Fig. 7e–h), af-
ter which MISI is triggered. A distinguishing feature of the
Coulomb experiments is the earlier triggering of the tip-
ping point, compared to the Weertman experiments, and the
manifestation of two distinct peaks in grounding-line flux.
The two peaks are dominated by the two major instances
of rapid retreat of the grounding line in troughs upstream
of the Cook (Fig. 11) and Ninnis glaciers, respectively. The

two peaks are experienced in all experiments without water
column scaling (Fig. 7a–d), while the experiments with wa-
ter column scaling only experienced the first peak in the last
100 years (Fig. 7e and f), due to its slower response. The
overall magnitude of grounding-line flux and ice mass loss
of regularized Coulomb experiments are 3 times greater than
those of the linear Weertman experiments. Figure 12 pro-
vides a visual representation of the grounding-line position
in the year 2500, comparing the four GLMPs under a spe-
cific model configuration, Coulomb_SSP585_1km_WCS75.
The distance between the NMP and FMP grounding lines
ranges from 20 to 70 km, while the grounding-line locations
are consistent between SEM1 and SEM3.

Tables B1 and B2 provide detailed data on the total ice
mass change from 2015 to 2500 under the linear Weert-
man and regularized Coulomb laws, respectively. Among the
four GLMPs, NMP consistently yields the lowest predic-
tions of ice mass loss and FMP predicts the highest, with
SEM1 and SEM3 being in between. Notably, the Weertman
and Coulomb experiments reveal different yet internally con-
sistent patterns of total grounding-line flux. The resolution
dependence on the different parameterizations for partially
grounded elements is comparable for both linear and the
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Figure 12. The simulated grounding lines in the year 2500 with NMP (red), FMP (purple), SEM1 (yellow) and SEM3 (blue) are presented
in the bed topography map. They all are under the high-emission scenario (SSP5-8.5), without water column scaling, using the regularized
Coulomb law at 1 km grid resolution. The grounding lines of SEM1 and SEM3 largely overlap. The grounding lines of all four GLMPs
overlap around ice rises, covered by blue grounding lines. The position of the Cook and Ninnis glaciers is marked.

regularized Coulomb sliding laws, with the exception that a
coarse resolution underestimates mass loss only in the case of
WCS75 NMP Coulomb sliding. The choice of GLMPs exerts
a significant impact on both the timing of the tipping point
triggered and the cumulative magnitude of ice mass loss at
a coarse resolution, while the incorporation of water column
scaling can significantly diminish the discrepancies caused
by different GLMPs and mesh resolutions.

Regarding the low-emission experiments, we have opted
to only present the results at 1 km grid resolution and us-
ing only the regularized Coulomb sliding law (Fig. 13), as
it did not exhibit notable distinctiveness as compared with
the results of high-emission experiments. Without water col-
umn scaling, the system exhibits a continuous, albeit slight,
loss of ice during the entire future simulation (Fig. 13a), and
there is a substantial discrepancy in the total ice mass change
(Fig. 13a) and total grounding-line flux (Fig. 13b) across dif-
ferent GLMPs. With water column scaling, the system ex-
periences a discernible ice mass loss in the first 50 years;
however, it subsequently stabilizes (Fig. 13c). The discrep-
ancy is substantially reduced when water column scaling
is applied (Fig. 13c and d), indicating a mitigation of the
impact of melt scheme selections. In general, under a low-

emission scenario, the predicted ice mass loss is less sensitive
to the choice of GLMPs and mesh resolution in comparison
to high-emission scenarios.

4 Discussion

In Fig. 14, we show the convergence of simulated ice mass
loss with mesh resolution for different ISMPs and sliding
laws. Specific data are presented in Tables B1 and B2 in
Appendix B. Our model, which simulates the real-world do-
main of the WSB, demonstrates a consistent convergence
pattern with the idealized glacier model study by Seroussi
and Morlighem (2018), showcasing a commendable level of
agreement between the two ice sheet models, Elmer/Ice and
ISSM (Ice-sheet and Sea-level System Model).

Among the four GLMPs, NMP tends to converge more
rapidly with resolution in most cases, which is consis-
tent with the findings of Seroussi and Morlighem (2018)
and Yu et al. (2018). Our model results reveal a trend
across all scenarios where ice mass loss diminishes as
mesh resolution increases, except for the NMP scheme
with the Coulomb law and water column scaling (Fig. 14d;
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Figure 13. The evolution of total ice mass (a, c) and total grounding-line flux (b, d) from 2015 to 2500 with four GLMPs. The results
represent the experiments using the regularized Coulomb sliding law under the low-emission scenario (SSP1-2.6) at 1 km mesh resolution
without (a, b) and with (c, d) water column scaling.

Coulomb_SSP585_WCS75_NMP). In this scenario, the sim-
ulated ice mass loss actually increases with finer mesh reso-
lutions. This result aligns with the simulation results from
previous studies (Seroussi and Morlighem, 2018; Leguy
et al., 2021; Berends et al., 2023). A plausible explanation
lies in the methodology of NMP, which, by definition, un-
derestimates melt in partially grounded elements. As reso-
lution becomes finer and elements become smaller, the area
of no melting decreases, resulting in an increase in the area
of melting close to the grounding line. However, this does
not explain why NMP still overestimates mass loss in other
cases, as resolution dependence exists not only due to the
choice of GLMPs but also due to the sub-element parame-
terization of basal drag near the grounding line. The current
study does not investigate impacts of basal drag on conver-
gence with resolution, which has been more extensively stud-
ied, but the effects are present and not easily separated from

the effects of melt parameterization. The cumulative impact
of parameterizations on both basal drag and grounding-line
melt is likely what determines convergence. Caution must be
exercised regarding the potential for NMP to systematically
under-represent melt at the grounding line and thus underes-
timate ice mass loss at coarse grid resolutions.

Conversely, FMP, by definition, overestimates melt in par-
tially grounded elements, and our simulations using FMP al-
ways overestimate ice mass loss. In the experiments without
water column scaling, the total ice mass loss simulated at a
2 km resolution is approximately double that simulated at a
250 m resolution (Fig. 14a and c). We notice that the ice sheet
modelling community has largely moved away from the FMP
scheme. We align with this perspective and concur with
prior recommendations (Leguy et al., 2021; Seroussi and
Morlighem, 2018) that the FMP scheme should be avoided
under all circumstances.
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Figure 14. Convergence of total ice mass loss from 2015 to 2500 as a function of mesh resolution with the four GLMPs, NMP (blue),
FMP (green), SEM1 (orange) and SEM2 (red). The results represent the experiments under the high-emission scenario (SSP5-8.5) for the
Weertman (a, b) and Coulomb (c, d) sliding law with (b, d) and without (a, c) water column scaling. The coordinate axes are displayed on a
dual logarithmic scale.

Whilst FMP and NMP by definition always overesti-
mate and underestimate melt in partially grounded elements,
SEM1 and SEM3 are expected to fall in between and there-
fore give a more accurate estimation of melt in partially
grounded elements. However, this does not translate into
better convergence with resolution, with most simulations
from both the current study and the work of Seroussi and
Morlighem (2018) showing significant overestimation of
mass loss and grounding-line retreat when using SEM1 or
SEM3 at coarse resolutions. This issue likely stems from
fundamentally under-resolving the problem (i.e. the model’s
spatial resolution is insufficient to accurately capture and rep-
resent the dynamics at the grounding line). Although SEM1
and SEM3 provide a more viable average melt rate over par-

tially grounded elements, the fact that they can cause thin-
ning directly at “grounded” nodes (Fig. 5) leads to ice de-
tachment that would not occur with a fully resolved model
(i.e. one with infinitely small elements, which is unachiev-
able in practice). Consequently, this results in an overestima-
tion of mass loss and grounding-line retreat. A more thor-
ough handling of the partially grounded elements might be
to implement runtime adaptivity with a specific focus on the
grounding line itself, either by splitting partially grounded
elements or by implementing a moving mesh that tracks
grounding-line movement (Goldberg et al., 2009), but these
approaches are beyond the scope of the current study.

The results of SEM1 and SEM3 consistently fall in be-
tween FMP and NMP results (Figs. 12–14). The two sub-
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element GLMPs give almost identical results without water
column scaling, which is similar to findings of the basal-
friction parameterizations at the grounding line (Seroussi
et al., 2014). Yet, with water column scaling, SEM1 and
SEM3 diverge slightly, with SEM1 showing better conver-
gence with resolution than SEM3. The SEM1 scheme shows
the best convergence in the scenario with the Coulomb law
and water column scaling. This appears contrary to the rec-
ommendation by Seroussi and Morlighem (2018) against
the use of SEM due to its overestimation of retreat of the
grounding line. While NMP usually shows better conver-
gence, SEM1 appears to outperform in specific scenarios, of-
fering superior convergence.

In the vicinity of the grounding line, high melt rates es-
sentially worsen the convergence with resolution and ex-
acerbate the result discrepancies observed across all four
GLMPs. This phenomenon is reflected in different aspects of
the experimental results. Firstly, water column scaling sig-
nificantly improves the convergence and reduces the dispar-
ities among the GLMPs (Figs. 8 and 10). This is because
when water column scaling is applied, the melt rates are
significantly reduced near the grounding line, thereby min-
imizing the divergences represented by different GLMPs.
Secondly, under a high-emission scenario, the predicted ice
mass loss is more sensitive to the choice of GLMPs and
mesh resolution in comparison to low-emission scenarios. In
other words, the difference in simulated ice mass loss caused
by the various GLMPs is significantly amplified under the
high-emission scenario, as has been demonstrated by Arth-
ern and Williams (2017) using a model of the Pine Island
and Thwaites glaciers.

Numerical simulation methods and grid type significantly
influence the performance of GLMPs. Consistent with pre-
vious model studies (e.g. Seroussi and Morlighem, 2018;
Yu et al., 2018), our research employs the finite-element
method with an unstructured triangular grid and concludes
that NMP always demonstrates superior convergence with
resolution compared to FMP and usually compared to SEM.
Notably, a model study (Arthern and Williams, 2017) em-
ploying a finite-volume method and a wavelet-based adaptive
grid demonstrated the significant impact of sub-grid GLMPs
on ice mass loss predictions, echoing our findings. However,
respective studies by Leguy et al. (2021) and Berends et al.
(2023), utilizing finite differences and a regular square grid,
report contrary findings. Due to the distinct mechanism of the
model implementation, the GLMPs they used differ from the
four explored in our study. In addition to the NMP scheme
(identical to ours), they incorporate a partial-melt parameter-
ization (PMP; comparable to our SEM1) and a flotation con-
dition melt parameterization (FCMP). Both FCMP and PMP
outperform NMP in terms of convergence with resolution
(Leguy et al., 2021; Berends et al., 2023). Their agreement
implies that for models using finite differences and regular
grids, applying melt parameterizations to partially floating
cells could be more advantageous. Thus, it is crucial to re-

evaluate the performance of various GLMPs within specific
model contexts.

Modelling studies emphasize the necessity of including
significant melting processes within the grounding zone to
replicate the observed retreat patterns (Goldberg et al., 2019;
Lilien et al., 2019). Further, satellite observations indicate
pronounced melt rates at the grounding lines in both West
Antarctica (Shean et al., 2019) and Greenland (Ciracì et al.,
2023). Drawing on the observations, Ciracì et al. (2023) rec-
ommend that ice sheet models adopt GLMPs that include
melting at and upstream of the grounding line. We acknowl-
edge the scientific rationale behind this suggestion; however,
it may not directly translate to the parameterization strate-
gies for the partially floating elements in ice sheet models.
It is crucial to distinguish between the role of ISMPs and
the specific function of GLMPs. We suggest that the ISMPs
should reflect our current best understanding of ice–ocean in-
teractions near the grounding line. Meanwhile, the design of
GLMPs ought to prioritize model self-consistency and mini-
mal resolution dependency.

The melting mechanism and the precise rates at the
grounding line are still not well understood (Goldberg et al.,
2019). Our NoWCS and WCS75 schemes encapsulate the
divergent perspectives currently debated: one posits that the
maximum melt rate occurs right at the grounding line, where
the ice draft is deepest (e.g. Ciracì et al., 2023; Shean et al.,
2019), whereas ocean modelling studies suggest that the melt
rate peaks downstream of the grounding line and dimin-
ish to zero towards the grounding line (e.g. Burgard et al.,
2022; Slater et al., 2020). A recent theoretical study sug-
gests the possibility of melting extending upstream of the
grounding line if warm salty seawater intrudes under the
ice sheet (e.g. Robel et al., 2022). However, observations at
Thwaites Glacier show melting at the grounding line there is
suppressed by low current speeds and strong density stratifi-
cation in the ice–ocean boundary layer (Davis et al., 2023).
Moreover, melting processes and ice–ocean interactions at
the grounding line likely differ among ice shelves due to
variations in bathymetry, water mass characteristics and cir-
culation beneath ice shelf cavities. To elucidate the melting
mechanisms at play, there is a critical need for more exten-
sive observations of melt rates in the vicinity of grounding
lines.

The extensive exploration of model settings in this study
underscores the significant uncertainties inherent in ice sheet
modelling predictions. Utilizing the Coulomb sliding law,
which is broadly considered superior, our analysis under the
high-emission scenario of SSP5-8.5 suggests that the tip-
ping point (onset of MISI; marked by a rapid increase in
grounding-line flux, as shown in Fig. 9) is anticipated to oc-
cur in the WSB between 2200 and 2300. After the tipping
point, the grounding line retreats 110 km across the unsta-
ble retrograde bedrock within 100 years (as illustrated in
Fig. 11). The grounding-line flux consequently increases by a
factor of 2.5, from 200 to 500 Gta−1 (Fig. 9). In this context,
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our simulations project an ice mass loss within the WSB in
this scenario ranging from 0.26 to 0.42× 105 Gt by the year
2300. This corresponds to a mass above flotation of 0.21 to
0.33× 105 Gt, equivalent to 0.06 to 0.09 m of global sea level
rise. By 2500, the projected ice mass loss extends from 1.05
to 1.57× 105 Gt, corresponding to a mass above flotation of
0.84 to 1.25× 105 Gt, equivalent to a global sea level rise of
0.23 to 0.34 m, assuming an extension in the final 2 decades
of forcing from 2300. At a mesh resolution of 1 km, which
is commonly employed in ice sheet modelling, our model
shows a change from NMP to SEM would induce a 15 %
to 20 % increase in projected ice mass loss. Moreover, at a
1 km resolution, SEM could overestimate mass loss by up
to 40 % compared to our finest mesh resolution of 250 m,
whereas NMP might overestimate it by up to 25 % relative
to the 250 m mesh, with specific overestimations dependent
on the model configurations (Fig. 14). These results provide
a foundation for further detailed quantitative predictions and
the examination of ice sheet dynamics in future stages of our
ongoing research.

In our comparative analysis, both SEM and NMP schemes
outperform FMP. As discussed earlier, SEM and NMP ex-
hibit distinct advantages, each conducive to certain mod-
elling contexts. The suitability of GLMPs is contingent upon
the specific model and circumstances in question. The align-
ment between the results from idealized-model simulations
(Seroussi and Morlighem, 2018) and our comprehensive
real-domain model experiments support the validity of a two-
phased experiment process: one could firstly evaluate the
performance of various GLMPs based on a cost-effective,
idealized small ice flow model (e.g. MISMIP+; Cornford
et al., 2020) and then inform subsequent applications regard-
ing more complex real-world domains. For the future ex-
plorations, mesh adaptation and re-segmentation at the sub-
element scale during runtime would be a promising direction
for more accurately representing basal friction and melting
at the grounding line.

5 Conclusions

In this study, we explored the sensitivity of the future evo-
lution of the Wilkes Subglacial Basin (WSB) ice sheet to
grounding-line melt parameterizations (GLMPs) for the par-
tially floating elements separating the grounded ice and the
floating shelf. The study is conducted through a series of
model simulations for the WSB spanning from 2015 to 2500.
These simulations test the performance of four GLMPs un-
der various model configurations, incorporating two basal-
friction laws, two thermal forcing scenarios, four mesh res-
olutions and two ice shelf melt parameterizations (ISMPs).
Drawing on our best model results, the tipping point, the on-
set of MISI, is projected to likely occur between 2200 and
2300 in the WSB under the high-emission scenario of SSP5-
8.5, while the ice sheet system is expected to remain in a

quasi-steady state under the low-emission scenario of SSP1-
2.6. Under SSP5-8.5, our simulations suggest that the loss of
ice from the WSB could contribute between 0.06 and 0.09 m
to global sea level rise by 2300, while following the onset of
MISI, this contribution could increase to between 0.23 and
0.34 m by 2500.

Our findings indicate that the GLMPs significantly affect
both the timing of the tipping point triggered and the overall
magnitude of ice mass loss. At a resolution considered high
and commonly employed in ice sheet models (i.e. 1 km), nu-
merical errors due to inadequate convergence can lead to an
overestimation of mass loss by up to 40 % when compared
to our finest mesh resolution of 250 m. This magnitude of
overestimation is comparable to the impact of variations in
basal-friction parameterizations at the grounding line. In the
vicinity of the grounding line, high melt rates notably impair
convergence with resolution and amplify the result discrep-
ancies among the four GLMPs. This underscores the critical
importance of not only knowing what melt rates are from an
observational perspective but also choosing the appropriate
melt parameterization in such scenarios.

Overall, both the SEM and NMP schemes outperform
FMP in terms of mesh resolution convergence, with each
exhibiting varying degrees of superiority over the other.
The NMP scheme, in most scenarios, yields superior con-
vergence of results but may systematically underestimate
grounding-line retreat and ice mass loss. Conversely, the
SEM scheme exhibited better convergence in the scenario
with the Coulomb sliding law and water column scaling. The
SEM scheme technically can more accurately represent the
amount of melting in partially grounded elements and may
capture some grounding-zone-like transitional behaviours,
but it risks overestimating ice mass loss. As in prior studies
(Seroussi and Morlighem, 2018; Leguy et al., 2021), we ad-
vise against using the FMP scheme under all circumstances,
due to its poor convergence and substantial overestimation of
ice mass loss.

Our research suggests that there is currently no universally
optimal melt scheme that suits all circumstances; the choice
between NMP and SEM should be re-evaluated in their spe-
cific model contexts. Looking ahead, mesh adaptation and re-
segmentation at the sub-element scale during runtime emerge
as promising avenues for more accurately representing basal
friction and melting at the grounding line. Idealized models,
such as MISMIP+ (Cornford et al., 2020), provide valuable
insights for selecting GLMPs in more complex real-world
domains. These improvements are critical to enhancing the
accuracy of future predictions of ice mass loss and global sea
level rise.
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Appendix A: L-surface analysis

In our cost function (Eq. 5), we introduce three undetermined
regularization parameters. Consequently, the conventional L-
curve analysis is insufficient for our purposes, leading us to
propose a more comprehensive L-surface analysis.

Throughout our analytical experiments, we adopt an em-
pirical value of 0.02 for λEη2, as sensitivity experiments in-
dicate that the inversion results are relatively insensitive to
variations of λEη2 (as corroborated through personal com-
munication with Fabien Gillet-Chaulet in 2020). To optimize
the remaining regularization parameters λβ and λEη1, we un-
dertake a systematic exploration of their feasible value com-
binations. As an initial step in our L-surface analysis, we
conduct preliminary experiments to identify appropriate al-
ternative values for these parameters. Specifically, we select
9 test values for λβ and 10 for λEη1. Pairwise combinations
of these test values yield 90 distinct parameter sets for sub-
sequent inversion experiments. The results of these exper-
iments are presented in a 3-D visualization, as depicted in
Fig. A1.

To identify the optimal combination of λβ and λEη1, we
employ a metric defined as the relative distance Drel, from
each point to the origin in the 3-D coordinate system:

Drel =

√√√√( J0

max(J0)

)2

+

(
Jregβ

max(Jregβ )

)2

+

(
JregEη1

max(JregEη1 )

)2

. (A1)

The point corresponding to the smallest Drel value is
deemed to represent the most favourable combination of λβ
and λEη1, marked as a red star in Fig. A1. Through the L-
surface analysis, we determine the optimal parameter set to
be λβ = 20 000, λEη1= 10 000 and λEη2= 0.02.

Figure A1. L-surface. Black points represent the results from 90 pa-
rameter sets. Points connected by the red line correspond to the
same λβ , and points connected by the blue lines correspond the
same λEη1. The 9 alternative values for λβ are 2000, 5000, 10 000,
20 000, 50 000, 100 000, 200 000, 500 000 and 1 000 000. The 10
alternative values for λEη1 are 10, 100, 1000, 2000, 5000, 10 000,
20 000, 50 000, 100 000 and 1 000 000.

Appendix B: Simulated total ice mass loss

Table B1. Total ice mass loss (Gt) under the high-emission scenario
(SSP5-8.5) from 2015 to 2500 with the linear Weertman friction law
for NoWCS (a) and WCS75 (b).

(a) Melt parameterization (NoWCS)

Resolution NMP FMP SEM1 SEM3

2 km 57 799 103 715 73 319 72 807
1 km 50 636 78 809 60 042 59 737
500 m 45 245 62 448 51 152 50 857
250 m 41 479 51 510 44 329 43 204

(b) Melt parameterization (WCS75)

Resolution NMP FMP SEM1 SEM3

2 km 30 194 37 396 34 794 36 052
1 km 29 637 33 530 32 338 32 858
500 m 29 497 31 396 30 949 31 130
250 m 29 179 30 055 29 851 29 946
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Table B2. Total ice mass loss (Gt) under the high-emission scenario
(SSP5-8.5) from 2015 to 2500 with the regularized Coulomb fric-
tion law for NoWCS (a) and WCS75 (b).

(a) Melt parameterization (NoWCS)

Resolution NMP FMP SEM1 SEM3

2 km 175 276 299 921 238 787 235 084
1 km 171 745 234 377 206 355 204 773
500 m 159 045 197 891 179 357 178 103
250 m 145 699 168 594 156 673 156 217

(b) Melt parameterization (WCS75)

Resolution NMP FMP SEM1 SEM3

2 km 90 755 126 957 115 825 −120 388
1 km 98 431 114 097 110 440 −112 088
500 m 103 380 110 595 109 121 −109 743
250 m 105 871 109 585 108 194 −108 442

Code and data availability. All model simulations
are implemented using Elmer/Ice 9.0 (rev bf10af7;
https://doi.org/10.5281/zenodo.7892181, Ruoko-
lainen et al., 2023) with the code available at
https://github.com/ElmerCSC/elmerfem.git (last access: 7
November 2024) (Gagliardini et al., 2013). Mesh and
implementation scripts for the model are available at
https://github.com/yuwang115/WSB-melt.git (Wang, 2024).
Detailed output data for the model are available upon request to Yu
Wang.

Author contributions. YW, CZ and RG designed the experiments
together. YW, CZ, RG and TZ implemented the model simula-
tions. YW processed, analysed and visualized the simulation re-
sults. YW drafted the paper. All authors contributed to the refine-
ment of the experiments, the interpretation of the results and the
final paper.

Competing interests. At least one of the (co-)authors is a member
of the editorial board of The Cryosphere. The peer-review process
was guided by an independent editor, and the authors also have no
other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. Yu Wang, Chen Zhao and Benjamin K.
Galton-Fenzi received grant funding from the Australian Govern-
ment as part of the Antarctic Science Collaboration Initiative pro-

gramme (ASCI000002). Chen Zhao is the recipient of an Aus-
tralian Research Council Discovery Early Career Researcher Award
(project no. DE240100267) funded by the Australian Government.
This research project was undertaken with the assistance of re-
sources and services from the National Computational Infrastruc-
ture (NCI), which is supported by the Australian Government. Ru-
pert Gladstone and Thomas Zwinger were supported by Academy
of Finland (grant nos. 322430 and 355572) and wish to acknowl-
edge CSC – IT Center for Science, Finland, for computational re-
sources. Rupert Gladstone was also supported by the Finnish Min-
istry of Education and Culture and CSC – IT Center for Science
(decision diary no. OKM/10/524/2022).

Financial support. This research has been supported by the Aus-
tralian Government as part of the Antarctic Science Collaboration
Initiative programme (grant no. ASCI000002), the Academy of Fin-
land (grant nos. 322430 and 355572), the Finnish Ministry of Ed-
ucation and Culture and CSC – IT Center for Science (decision di-
ary no. OKM/10/524/2022), and the Australian Government (Aus-
tralian Research Council Discovery Early Career Researcher Award
(project no. DE240100267)).

Review statement. This paper was edited by Jan De Rydt and re-
viewed by Tijn Berends and one anonymous referee.

References

Adusumilli, S., Fricker, H. A., Medley, B., Padman, L., and
Siegfried, M. R.: Interannual variations in meltwater input to
the Southern Ocean from Antarctic ice shelves, Nat. Geosc., 13,
616–620, https://doi.org/10.1038/s41561-020-0616-z, 2020.

Agosta, C., Amory, C., Kittel, C., Orsi, A., Favier, V., Gallée, H.,
van den Broeke, M. R., Lenaerts, J. T. M., van Wessem, J. M., van
de Berg, W. J., and Fettweis, X.: Estimation of the Antarctic sur-
face mass balance using the regional climate model MAR (1979–
2015) and identification of dominant processes, The Cryosphere,
13, 281–296, https://doi.org/10.5194/tc-13-281-2019, 2019.

Arthern, R. J. and Williams, C. R.: The sensitivity of West Antarc-
tica to the submarine melting feedback, Geophys. Res. Lett., 44,
2352–2359, https://doi.org/10.1002/2017GL072514, 2017.

Asay-Davis, X. S., Cornford, S. L., Durand, G., Galton-Fenzi, B.
K., Gladstone, R. M., Gudmundsson, G. H., Hattermann, T., Hol-
land, D. M., Holland, D., Holland, P. R., Martin, D. F., Mathiot,
P., Pattyn, F., and Seroussi, H.: Experimental design for three
interrelated marine ice sheet and ocean model intercomparison
projects: MISMIP v.3 (MISMIP+), ISOMIP v.2 (ISOMIP+) and
MISOMIP v.1 (MISOMIP1), Geosci. Model Dev., 9, 2471–2497,
https://doi.org/10.5194/gmd-9-2471-2016, 2016.

Berends, C. J., Stap, L. B., and van de Wal, R. S. W.: Strong im-
pact of sub-shelf melt parameterisation on ice-sheet retreat in ide-
alised and realistic Antarctic topography, J. Glaciol., 69, 1434–
1448, https://doi.org/10.1017/jog.2023.33, 2023.

Brondex, J., Gillet-Chaulet, F., and Gagliardini, O.: Sensitiv-
ity of centennial mass loss projections of the Amundsen
basin to the friction law, The Cryosphere, 13, 177–195,
https://doi.org/10.5194/tc-13-177-2019, 2019.

The Cryosphere, 18, 5117–5137, 2024 https://doi.org/10.5194/tc-18-5117-2024

https://doi.org/10.5281/zenodo.7892181
https://github.com/ElmerCSC/elmerfem.git
https://github.com/yuwang115/WSB-melt.git
https://doi.org/10.1038/s41561-020-0616-z
https://doi.org/10.5194/tc-13-281-2019
https://doi.org/10.1002/2017GL072514
https://doi.org/10.5194/gmd-9-2471-2016
https://doi.org/10.1017/jog.2023.33
https://doi.org/10.5194/tc-13-177-2019


Y. Wang et al.: Basal-melting parameterizations at the grounding line 5135

Burgard, C., Jourdain, N. C., Reese, R., Jenkins, A., and
Mathiot, P.: An assessment of basal melt parameterisations
for Antarctic ice shelves, The Cryosphere, 16, 4931–4975,
https://doi.org/10.5194/tc-16-4931-2022, 2022.

Ciracì, E., Rignot, E., Scheuchl, B., Tolpekin, V., Woller-
sheim, M., An, L., Milillo, P., Bueso-Bello, J.-L., Rizzoli,
P., and Dini, L.: Melt rates in the kilometer-size ground-
ing zone of Petermann Glacier, Greenland, before and dur-
ing a retreat, P. Natl. Acad. Sci. USA, 120, e2220924120,
https://doi.org/10.1073/pnas.2220924120, 2023.

Cornford, S. L., Seroussi, H., Asay-Davis, X. S., Gudmundsson,
G. H., Arthern, R., Borstad, C., Christmann, J., Dias dos San-
tos, T., Feldmann, J., Goldberg, D., Hoffman, M. J., Humbert,
A., Kleiner, T., Leguy, G., Lipscomb, W. H., Merino, N., Du-
rand, G., Morlighem, M., Pollard, D., Rückamp, M., Williams,
C. R., and Yu, H.: Results of the third Marine Ice Sheet Model
Intercomparison Project (MISMIP+), The Cryosphere, 14, 2283–
2301, https://doi.org/10.5194/tc-14-2283-2020, 2020.

Crotti, I., Quiquet, A., Landais, A., Stenni, B., Wilson, D. J., Severi,
M., Mulvaney, R., Wilhelms, F., Barbante, C., and Frezzotti, M.:
Wilkes subglacial basin ice sheet response to Southern Ocean
warming during late Pleistocene interglacials, Nat. Commun.,
13, 5328, https://doi.org/10.1038/s41467-022-32847-3, 2022.

Cuffey, K. M. and Paterson, W. S. B.: The physics of glaciers, Aca-
demic Press, 2010.

Dapogny, C., Dobrzynski, C., and Frey, P.: Three-dimensional adap-
tive domain remeshing, implicit domain meshing, and applica-
tions to free and moving boundary problems, J. Comput. Phys.,
262, 358–378, https://doi.org/10.1016/j.jcp.2014.01.005, 2014.

Davis, P. E., Nicholls, K. W., Holland, D. M., Schmidt, B. E.,
Washam, P., Riverman, K. L., Arthern, R. J., Vaňková, I., Eayrs,
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