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Abstract. Pine Island and Thwaites Glaciers, situated in the Amundsen Sea Embayment in West Antarctica, are the two largest
modern-day contributors of sea level rise from Antarctica, and their potential future retreat threatens the stability of the West
Antarctic Ice Sheet over coming centuries. Here we present numerical simulations exploring the sensitivity of both glaciers
to reducing the basal friction (bed-weakening) in response to ice thinning and the rate of ice shelf melting over millennial
timescales. We find that bed-weakening leads to faster rates of retreat and sea level rise when confined to the grounding zone,
but expanding the region of bed-weakening delayed retreat instead. Pine Island Glacier is highly sensitive to increases in the
ocean melt rate, while Thwaites Glacier is more sensitive to bed-weakening. The sea level contribution from Thwaites Glacier
over the next century is particularly insensitive to changes in ocean melting. Despite the relatively weak buttressing from the
Thwaites Ice Shelf, it still provides sufficient support locally to suppress the rapid retreat that occurred with the complete
removal of all floating ice. These results highlight the sensitivity of sea level projections to the relatively poorly known basal

effective pressure, and the need for future ice flow models to be coupled with with highly-skilled basal hydrology models.

1 Introduction

The neighbouring Pine Island and Thwaites Glaciers, located in the Amundsen Sea Embayment (ASE) of West Antarctica (Fig-
ure 1), have been the two largest contributors to sea level rise (SLR) from the Antarctic Ice Sheet in recent decades. In 2017 the
rates of sea level contribution were 0.16 mm yr—! and 0.1 mm yr—! from Pine Island Glacier (PIG) and Thwaites Glacier (TG)
respectively (Rignot et al., 2019). These losses are ocean-forced, with enhanced transport of Circumpolar Deep Water towards
their grounding lines (Jenkins et al., 2016; Holland et al., 2019) driving rapid melting of their floating ice shelves (Dutrieux
et al., 2013; Naughten et al., 2022). This causes a loss of buttressing, driving acceleration and thinning of upstream grounded
ice and grounding line retreat. Both glaciers rest on beds that slope downward towards the ice sheet interior, a configuration

which can give rise to accelerating retreat through marine ice sheet instability (MISI; Weertman, 1974; Schoof, 2007).

PIG and TG have been the subject of many modelling studies (e.g. Joughin et al., 2010b, 2014; Favier et al., 2014; Nias
et al., 2016; Seroussi et al., 2017; Alevropoulos-Borrill et al., 2020; Barnes and Gudmundsson, 2022), which indicate a di-

vergence in their response to melting of their ice shelves. Gudmundsson et al. (2023) showed that the Pine Island Ice Shelf
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(PIIS) provides substantial buttressing to the flow of upstream ice, while the buttressing provided by the Thwaites Ice Shelf
(TIS) is much more limited and localised to small-scale features of the grounding line profile. The PIIS is confined within
an embayment and occasionally calves large tabular icebergs from its front. By contrast, the TIS has degraded significantly
in recent decades and is no longer a single solid body of ice (Miles et al., 2020). Instead, it has effectively separated into the
more continuous Thwaites Eastern Ice Shelf which remains pinned on a seafloor ridge near its calving front, and the Thwaites
Western Ice Tongue, which is a highly fragmented mélange of large icebergs and sea ice (Miles et al., 2020; Benn et al., 2022).
Although it appears likely that the collapse of the TIS may occur in the coming decades (Wild et al., 2022), this is not expected

to have a major impact on the flow of the grounded glacier (Gudmundsson et al., 2023).

Basal friction is a key control on the flow dynamics of ice streams, and the form of a basal sliding law remains a signifi-
cant uncertainty in ice sheet model projections. "Weertman" sliding rules (i.e. a power-law relationship between sliding speed
and basal shear stress with an index of ~ %, Weertman, 1957) are frequently employed to describe sliding over hard beds (e.g.
Brondex et al., 2017; Nias et al., 2018; Barnes and Gudmundsson, 2022). However this fails to account for the effect of cavita-
tion at the bed or of bed deformation. Recent studies have shown that Coulomb-like behaviour provides a good approximation
for both sliding over a deformable till and fast sliding with cavitation over a hard bedrock (Gagliardini et al., 2007; Zoet and
Iverson, 2020; Minchew and Joughin, 2020), leading to the formulation of sliding laws that incorporate both Weertman and
Coulomb regimes (Joughin et al., 2019).

Inverse methods are typically used to infer the values of friction coefficients in sliding laws (MacAyeal, 1993), although single
snapshot inversions are unable to determine the form of the sliding law or isolate the dependence on basal effective pressure
(N = P, — P, where P; and P,, are the ice overburden and water pressure respectively), which is generally subsumed into
the coefficient values. Other sliding laws explicitly separate out basal effective pressure (e.g. Schoof, 2005; Tsai et al., 2015),
although this is difficult to constrain without detailed knowledge of subglacial hydrology. Joughin et al. (2010b) introduced
a bed-weakening scheme in which the basal friction is reduced as ice thins towards flotation below a critical height above

flotation to account for the reduction in effective pressure and accurately model the sensitivity to ocean melting.

In this study, we examine the sensitivity of PIG and TG to the ice shelf melt parameterisation and bed-weakening over mil-
lennial timescales, by varying the critical height above flotation and the coefficient controlling the ice shelf basal melt rate.
Although our study may appear superficially similar to Joughin et al. (2024), there are clear differences in our goals and ex-
perimental design: we apply melting separately to PIG and TG to examine their individual responses, and our simulations run
for much longer timescales. We also apply a parameterised ice shelf melt rate rather than a prescribed melt volume to simulate
how melt rates might change in response to changes in ice shelf geometry. Additionally we probe a larger range of the critical

height above flotation to apply bed-weakening across a wider region.
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2 Methods
2.1 BISICLES ice sheet model

In this study, we use the BISICLES ice sheet model (Cornford et al., 2013), which has been used in previous studies of the
Antarctic Ice Sheet (e.g. Cornford et al., 2015; Nias et al., 2016; Martin et al., 2019; Alevropoulos-Borrill et al., 2020; O’Neill
et al., 2025). BISICLES is a vertically-integrated ice flow model based on the L1L2 approximation (Schoof and Hindmarsh,

2010), which uses adaptive mesh refinement (AMR) to refine the grid around the grounding line and in fast flowing ice streams.

The computational domain which covers the full basins of the PIG and TG, as well as the Pope, Smith and Kohler Glaciers
and the Crosson and Dotson Ice Shelves, is shown in Figure 1. We use a 4 km grid inland with three levels of AMR to pro-
duce a finest grid resolution of 500 m around the grounding line. A present-day ASE state, produced through an iterative
inversion-relaxation procedure, comprises fields of basal friction coefficient C, ice stiffening factor ¢ and ice thickness which
are consistent with observed ice velocity and thinning rates. This procedure, which follows Bevan et al. (2023) and van den
Akker et al. (2025), is described in Supplementary Text S1. The basal shear stress calculated by the initial inversion is shown
in Figure 2a in the vicinity of the PIG and TG grounding lines. The bed topography and pre-initialisation ice thickness were
provided by BedMachine v3 (Morlighem et al., 2020; Morlighem, 2022). The surface accumulation rate, which was kept
constant throughout simulations, came from the MAR regional climate model 1980 to 2018 mean (Agosta et al., 2019). A
three-dimensional temperature field was generated by a thermal spin-up, described in Supplementary Text S2. Input fields for

the model are shown in Supplementary Figure S3.
2.2 Basal sliding

The basal stress for grounded ice was determined by a Regularised Coulomb friction law equivalent to that introduced by

Joughin et al. (2019),

- u —-m
T =—\Cluy| 1(|b+1> “uy, (1)
U

where C' is the spatially varying friction coefficient, uy, the basal sliding velocity, m = 1/3 the friction law exponent, and
up = 50 m yr—! the fast sliding speed. )\ is a prefactor that weakens the bed as the glacier thins toward flotation by reducing
the basal stress smoothly below some critical height above flotation (Joughin et al., 2010a),

(h—he)
o e (= he) S @)

1 otherwise,

where h is the ice thickness, h¢ the flotation thickness, hg the initial ice thickness and At the critical height above flotation.
Joughin et al. (2010a) found ht = 41 m to be appropriate for PIG using a regularised Coulomb friction law with uy = 300 m

yr~1. The inclusion of hg in Equation 2 ensures that A = 1 everywhere at the beginning of the simulations, so that the basal
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stress stress is consistent with the initialised model state. We limit A < 1 to prohibit bed strengthening resulting from thickening

in regions where hg < hr.
2.3 Basal melt parameterisation

We apply a simple depth-dependent basal melt rate parameterisation to floating ice. The melt rate for floating cells is calculated

as
m:am~a0'max[(d*dtc),0}p» (3)

where d is the ice shelf draft, d. is the thermocline depth (above which no melting occurs), p is the melt rate index and the
coefficient ay, is a melt rate multiplier. The coefficient a is calculated such that for given values of p and di., and with a,,, = 1,
the melt rate integrated across the ice shelf area in its initial geometric configuration totals the observed melt rate ~ 100 Gt
yr—! (Rignot et al., 2013). a,, = 1 is therefore assumed to represent present day melt rates. The parameter values remain fixed

during the course of a simulation, so the melt volume depends on the evolving ice shelf geometry.

The parameter values ay and p are determined separately for both the PIIS and TIS following a procedure described in Supple-

mentary Text S3.
2.4 Experiments

We performed a series of simulations exploring ranges of the critical height above flotation At and the melt amplifier a,. Simu-
lations were carried out with melting applied individually to either the PIG or TG basins. TG melt experiments were carried out

for 1000 years, while PIG melt experiments were carried out for 1500 years to account for the generally slower response of PIG.

For both PIG and TG, we ran two sets of simulations, which are detailed in Table 1. In simulation sets PIG1 and TG1, keeping
am = 1, we applied a range of values of h between 0 m and 500 m. The results of PIG1 and TG1 are shown in Section 3.1.
In simulation sets PIG2 and TG2, for each of hr =0 m, 41 m and 150 m, we applied a range of melt amplifier a,, values
between 0.1 and 10. Complementary extreme melt simulations, in which floating ice was immediately removed to prohibit ice
shelves, were also performed as part of PIG2 and TG2 for each At value. These results are shown in Section 3.2.1 for PIG2
and Section 3.2.2 for TG2.

3 Results

Figure 2 shows the distribution of basal shear stress near the grounding lines of PIG and TG, and how basal shear stress varies
with height above flotation. Figure 2b shows a weakening of the bed for At < 200 m for both glaciers. The weakening is
stronger and more abrupt for TG, which has generally higher basal shear stresses. Limiting the analysis to regions of fast-

flowing ice (> 100 m yr—!, Figure 2c) results in a similar picture for PIG, where basal shear stresses beneath fast-flowing ice
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Simulation set Drainage basin hr (m) am P ao

PIG1 Pine Island 0 to 500 1 2 9.07x107°
TG1 Thwaites 0 to 500 1 1 9.17x1072
PIG2 Pine Island {0,41,150} | 0.1to 10, 2 9.07x107°

~ 00 (no shelves)
TG2 Thwaites {0, 41, 150} 0.1 to 10, 1 9.17x1072

~ 00 (no shelves)

Table 1. Parameter values and ranges for the sets of simulations.

are elevated above the bed strength of surrounding slow-flowing regions. Although the bed weakening effect is less clear for
PIG due to the small number of cells in the region of low ht and fast flow, this analysis supports the use of a mechanism to
weaken the bed beneath ice near flotation, and suggests that it ~ 200 m may be the most appropriate threshold for initiating

bed weakening.
3.1 Critical height above flotation

Figure 3 shows how the response of PIG to melting of PIIS varies across a range of values of At in the PIG1 simulations.
The results show the close association between mass loss (Figure 3a) and grounding line retreat (Figure 3b). Grounding lines
retreated in a series of stages with intermittent periods of stagnation, reflecting the topography of the underlying bedrock. The
ht = 0 m simulation stabilised after just 25 km of grounding line retreat, resulting in less than 5 cm of SLC. In simulations
with larger hr, rapid grounding line retreat of up to 4 km yr—! (Supplementary Figure S6) across a bedrock overdeepening
occurred once the grounding line had crossed a threshold ~100 km upstream of its initial position. This phase of rapid retreat

coincides with a pronounced increase in the rate of mass loss up to 1.5 mm yr—! SLE (sea level equivalent).

In general there is strong sensitivity to hr for small values of hr, with decreasing sensitivity as hr increases. At 200 and
500 years the response to further increases in hp saturates above ~150 m (Supplementary Figure S7). Rapid grounding line
retreat was triggered sooner with increasing hr up to At ~ 250 m; for higher ht rapid grounding line retreat was actually
triggered later, although at increasingly rapid rates once it has been triggered. This produced maximums in the plots in Sup-
plementary Figure S7, whereby increasing ht above ~250 m produced less total SLC at 1000 and 1500 years (yellow and red
lines). After 1500 years the SLC had saturated at ~45 cm in a number of simulations, indicating almost complete deglaciation

of the PIG drainage basin.

Maps of grounding lines in Figure 4 show that retreat in the hp = 500 m simulation was delayed relative to simulations
with lower hr. This reversal of sensitivity with increasing h is explained by higher values of A causing bed weakening fur-
ther inland for the same amount of thinning, driving accelerated ice flow over a wider region. Although this produces thinning

across a larger area, it also results in an initially enhanced transport of ice to the grounding line, limiting the rate of thinning
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there. By contrast, lower values of h concentrate acceleration and thinning closer to the grounding line, producing a steeper
surface slope and hence faster thinning of the grounding line, leading to earlier retreat. This effect is demonstrated by Supple-

mentary Movie S1 which compares thickness changes for PIG for A = 200 m and 500 m.

Figure 5 shows the results from the equivalent TG1 simulations for the TG basin, with corresponding maps of the ground-
ing lines at selected points during the simulations in Figure 6. As for PIG, grounding line retreat for TG was interrupted by
intermittent periods of temporary stabilisation on a series of ridges upstream of the present-day grounding line (e.g Yu et al.,
2018). Beyond ~150 km there are no further topographical obstacles, and the grounding line retreats very rapidly for a further
150 km. This retreat is even more rapid than for PIG, with grounding line retreat rates of up to 8 km yr—! and mass loss rates
of nearly 3 mm yr—! SLE (Supplementary Figure S8). In general, increasing h drives rapid retreat and mass loss earlier in the
simulation (Supplementary Figure S9). As for PIG, there is a maximum at ht ~ 300 m, beyond which further increases in hr
delayed the onset of rapid grounding line retreat and mass loss. The cause of this delay is the same mechanism as we inferred
for PIG: increased thinning across a wider region with higher ht increases the flow of ice to the grounding line, delaying

grounding line retreat relative to smaller At values.

Supplementary Movies S2 and S3 correspond to Figures 4 and 6.
3.2 Ice shelf melting
3.2.1 Pine Island Glacier

Figure 7 shows the results of the PIG2 simulations for PIG with varying melt rates. The melt amplifier a,, was varied between
0.1 and 10 for hr values of 0 m, 41 m and 150 m. As expected, increasing values of both hr and a,, cause rapid retreat and
mass loss to occur earlier in the simulation and more rapidly. For h = 0 m and a,, < 1 retreat stagnates early and the total
sea level contribution does not exceed 5 cm. For a,, < 1, bed-weakening (i.e. hT > 0) is required to initiate more substantial

retreat. The sensitivity to h appears to be greatest for a,, ~ 1, and decreases with increasing a,.

Supplementary Figure S10 shows that most of the sensitivity to changes in the melt rate occurs for ay,, > 1, indicated by
the steep gradients in SLC on the right hand side of the vertical black line. Sea level contribution saturates at ~ 45 cm SLE
after 1500 years for a,, > 1, indicating full deglaciation of the PIG basin. This saturation was reached earlier for higher values

of hr and ay,. For hr = 150 m and ay, > 5 full deglaciation was achieved by 500 years.

Complementary simulations were carried out in which ice shelves were completely removed to represent the upper limit
of extreme melting (red lines in Figure 7). These result in extremely rapid grounding line retreat exceeding 300 km in less
than 100 years for all three h values, and with corresponding very high rates of mass loss. This clearly demonstrates that the

stability of PIG is strongly dependent on the buttressing from PIIS.
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Supplementary Figures S11 to S13 show grounding line maps for PIG melt simulations for hr =0 m, 41 m and 150 m

respectively. Supplementary movies S4 to S6 correspond to Supplementary Figures S11 to S13.
3.2.2 Thwaites Glacier

TG is far less sensitive to increasing melt than PIG in the equivalent TG2 simulations, so that At is the major control (Figure 8).
This is immediately clear from Figure 8a in which the SLC is grouped by Ar. All At = 0 m simulations saw very little retreat
or mass loss, with no more than 3 cm SLE, and exhibited no sensitivity to a,,. The sensitivity to increasing a,, for hr > 0 is
less significant than for PIG; increasing a,, from 1 to 8 only roughly doubled the rate of mass loss for both A =41 m and
ht =150 m. This is highlighted in Supplementary Figure S14, in which the time taken to reach a certain SLC for ay,, =1
is consistently approximately double the time taken for the same SLC for a,, = 8, for both At =41 m and ht = 150 m. For

PIG the equivalent delay for a,, = 1 delay is a larger ratio and varies significantly throughout the retreat and between h values.

The extreme melt simulations (red lines in Figure 8) produced slower rates of retreat for TG compared with the equivalent
experiments for PIG, although still at significantly higher rates than the corresponding a,, = 8 simulations. Notably the h =0
m extreme melt simulation resulted in full deglaciation after several hundred years. By contrast, the presence of floating ice in
all other ht = 0 m simulations resulted in very limited retreat and mass loss. In the a,, = 10 case, the grounding line retreated

approximately 20 km and a narrow ice shelf formed.

Unlike for PIG, most of the sensitivity to increasing melt rates occurs for a,, < 1 (Supplementary Figure S15 , c.f. Sup-
plementary Figure S10 for PIG). At 1000 years (orange lines) SLC has already saturated at its maximum of nearly 60 cm SLE
atay, > 1for ht = 150 m, and at a,,, > 2 for ht = 41 m. At earlier time snapshots, increasing a,, above 1 does not lead to big
increases in the SLC. This suggests that future increases in the melt rate will only have a relatively small impact on the rate and
timing of retreat. On the other hand, Supplementary Figure S15 shows enhanced sensitivity to A, shown by the larger offsets

between lines of the same colour relative to the equivalent plots in Supplementary Figure S10.

Finally, the SLC after 100 years shows low sensitivity to the melt rate (blue lines in Supplementary Figure S15, reproduced
in greater detail in Supplementary Figure S16). Even for ht = 150 m, varying ay, from 0.1 to 10 only produced a four-fold

increase in total mass loss.

Supplementary Figures S17 and S18 show grounding line maps for TG melt simulations for At = 41 m and 150 m respectively.

Supplementary movies S7 and S8 correspond to Supplementary Figures S17 and S18 respectively.
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4 Discussion

Our simulations showed that PIG is highly sensitive to the rate of ice shelf melting, while TG is more sensitive to stress con-
ditions at its bed. We attribute the differing behaviour to PIG being largely supported by buttressing from PIIS. On the other
hand TG is largely supported by the ridge of elevated bedrock which extends upstream of the grounding line. Very rapid retreat
only occurs once the grounding line has retreated beyond this ridge (Yu et al., 2018). These results are in line with the findings
of other recent modelling studies focused on the ASE. Barnes and Gudmundsson (2022) found that TG was significantly less
sensitive to changes in the melting or even collapse of its ice shelf than PIG. Gudmundsson et al. (2023) showed that the TIS
provides only minimal buttressing to upstream ice, in contrast with the PIIS which produced much more significant buttressing.
The initial removal of the TIS in their simulations produced only a few mm additional SLC over a century, while removing the
PIIS produced an order of magnitude greater effect. Benn et al. (2022) also found that further weakening or unpinning of the

TIS had little impact on future losses from TG.

Our experiments produced contrasting short-term responses for PIG and TG. Supplementary Figure S16 shows that the centen-
nial SLC from TG is very insensitive to increasing melt. Without progressive bed weakening, there is essentially no difference
in outcomes across the range of melt rate. Even with substantial bed weakening, a tenfold increase in the melt parameter pro-
duced only a doubling of SLC. For PIG the opposite is true, with bed weakening playing the minor role compared to increasing
the melt parameter. This implies that the evolution of TG over the 21st Century is largely already pre-determined, and unlikely
to be affected by changes in ocean temperatures, whereas PIG’s behaviour over the same period is strongly dependent on ocean
conditions. Our results also suggest that it will be difficult to make inferences about the longer term behaviour of TG based on
observations over the 21st Century, since there is divergence in the mass loss rates with changes in both the melt parameter and

the strength of bed weakening over several centuries.

This near-future insensitivity of TG to the melt parameter might at first glance appear to contradict Joughin et al. (2024),
who found that the SLC scaled linearly with the total melt volume for both glaciers. We note that the total melt volume is not
necessarily proportional to the melt parameter since it depends upon the evolving ice shelf geometry. Supplementary Figures
S19 and S20 show time-series of SLC and cumulative melt volume over 200 years for both glaciers, and the ratios of SLC to
melt for the same period respectively. They show that the sensitivity to ice shelf melting is similar for PIG and TG, broadly in
line with Joughin et al. (2024), although TG sees less overall melt and SLC. The sensitivity to ice shelf melting for TG was
also more strongly dependent on the strength of bed-weakening. This is likely because the lack of buttressing provided by the
TIS means that increased melting does not significantly increase the grounding line discharge, meaning that the supply of ice

available for melting is not replenished at the same rate as for PIG.

One notable result was the rapid retreat of TG in the absence of bed-weakening when floating ice was prohibited (dotted

red lines, Figure 8), which was in stark contrast to the limited retreat when ice shelves were allowed to form. This shows
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that while the overall buttressing from the TIS is weak, even the remnant ice shelf after several centuries of melting provides
sufficient localised buttressing in concavities of the grounding line to prohibit retreat in those regions (Gudmundsson et al.,
2023), which would otherwise lead to full deglaciation of the TG drainage basin after several hundred years in the absence of

floating ice.
4.1 Towards coupled basal hydrology models

Our study demonstrates the importance of coupling models of basal hydrology into future ice sheet models (e.g. Kazmierczak
et al., 2022; Lu and Kingslake, 2024). The bed-weakening prefactor A represents the reduction in basal friction resulting from
unknown high basal water pressure in the region near the grounding line. Some sliding rules explicitly include the basal effec-
tive pressure as a component of the basal friction (e.g. Lliboutry, 1968; Budd et al., 1979). An alternative approach proposed by
Tsai et al. (2015) calculates the basal shear stress as the minimum of the Coulomb friction, which is a function of the effective
pressure, and the Weertman friction. We might expect this rule to produce a similar distribution of basal shear stress to that

seen in Figure 2, and therefore h1 may represent the threshold between Coulomb and Weertman regimes.

Supplementary Figure S21 shows that At = 200 m corresponds to an inland distance of 3 to 4 km upstream of the grounding
line. This length scale is comparable to (although slightly shorter than) the widths of proposed grounding zones and ocean
water intrusion zones for TG in previous studies (Parizek et al., 2013; Rignot et al., 2024), suggesting that the value of At may
be linked to the inland loss of ocean connectivity. Future ice sheet models could therefore be coupled with basal hydrology
models by replacing A with N/Ny, where N is the basal effective pressure produced by a hydrology model and Ny is some

reference pressure. This approach is beyond the scope of this study but warrants consideration in future work.

5 Conclusions

We have carried out millennial-scale simulations of the evolution of the PIG and TG in response to varying melt rate and
bed weakening parameters. The results of our simulations are broadly consistent with previous studies, while also revealing
some novel findings. Increasing the critical height above flotation for bed weakening initially produced higher rates of mass
loss. However, increasing this threshold past a certain point resulted in delayed retreat rates, due to the increased ice flux to the
grounding line and the relatively lower rate of surface steepening. We found that PIG was highly sensitive to melt rate increases
through varying the melt multiplier, while TG was more sensitive to weakening of its bed. However, even under high-melt con-
ditions, the remnant ice shelf still provided sufficient localised buttressing to TG to prevent the catastrophic retreat that resulted
when ice shelves were completely prohibited. TG is very insensitive to increases in the melt amplifier over the next century for
all values of the critical height above flotation, making it difficult to predict how its SLC will evolve in future centuries. Further

analysis showed that the SLC of both PIG and TG is broadly proportional with the melt volume from their ice shelves.

Our simulations demonstrate the necessity for the application of a bed-weakening scheme in marine ice sheet models. We
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suggest that for these glaciers, the optimal threshold for bed weakening may be a height above flotation of ~200 m. The need
for this parameterisation highlights the necessity for a better understanding of basal hydrology and its impact on ice stream
dynamics, and for coupling of basal hydrology and ice flow models to provide more accurate projections of future sea level

rise.

10
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Figure 1. Bed topography of the ASE computational domain, with the PIG and TG basins highlighted. Thick black lines show the initial
ice front extent and basin boundaries, red lines the initial grounding line, thin black contours ice surface elevation and dashed black and
white lines flowlines used in this study. The inset map shows Antarctic-wide flow speeds (Mouginot et al., 2019) with basin boundaries from

Zwally et al. (2012). The black box shows the extent of the ASE domain within Antarctica.

11



https://doi.org/10.5194/egusphere-2026-4400
Preprint. Discussion started: 5 August 2026 EG U A
© Author(s) 2026. CC BY 4.0 License. Sp here

@w ® Preprint repository

BY

o o
o o
o~ o~
n
~
-
© oA
g £F
2] N A
N
g —
1)) o -
—
o c S
N ()
<
B 0
—_
i
m R
=
Ng
Y4 wn H
=2 ~
)]
() Sty L
9_) o A = = T — T 1
° @ 0 100 200 300 400 500
S § Height above flotation (m)
<
w o
T ()
o 0
n
~ =
© oA
[aNgTe}
Y
0 A
%)
2 g s
% o
5 8
o
(2] Lrl\ﬁ B
N 2
T S |
o 3
A
o~
o
T . : | ) : . ; : —
-1400 -1200 -1000 —-800 —-600 —-400 -200 0 0 100 200 300 400 500
Bed elevation (m) Height above flotation (m)

Figure 2. (a) Map of inverted basal shear stresses in the PIG and TG grounding zones. Coloured lines indicate contours of thickness above
flotation (h — h¢) up to 500 m. Red lines (0 m) indicate the grounding line. The white shaded area corresponds to ice flow speeds in excess
of 100 m yr~'. Basal stresses and thickness above flotation contours were calculated for the BedMachine v3 ice geometry prior to any
relaxation during the model initialisation procedure. (b) Basal shear stresses plotted against the height above flotation in the PIG and TG
basins. Small points denote individual cell values. Larger connected points are the mean basal shear stress calculated for 50 m bins of height
above flotation. The error bars are calculated as the standard deviation on the mean, and the marker sizes indicate the relative number of cells
within each bin. (c) Basal shear stresses plotted against the height above flotation as in (b), but for cells with ice flow speeds in excess of 100

m yr— ! (white shaded region in (a)).
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Figure 3. Results for PIG1 simulations across the range of ht. (a) The change in SLC within the PIG basin. (b) The grounding line retreat

measured along the PIG flowline.
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Figure 4. Maps of grounding line retreat for PIG1 simulations (Figure 3), across the range of hr. Snapshots at 200 years (a), 800 years (b),
950 years (c) and 1200 years (d).
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Figure 5. Results for TG1 simulations across the range of At. (a) and (b) as for Figure 3 but measured within the TG basin.
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Figure 6. Maps of grounding line retreat for TG1 simulations (Figure 5), across the range of hr. Snapshots at 250 years (a), 425 years (b),
550 years (c) and 700 years (d).

16



https://doi.org/10.5194/egusphere-2026-4400
Preprint. Discussion started: 5 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

o
o
m
<
o
1
i 2711
1 N
—_ I !
o ! = |i
Cl N A A i U § 1
£ . =0
Eo 'l o R=] :
c o N
o 1 = 1
=] 1 D 1
=3 ] = 1
=] 1: o 1
= : c |
c : - 41
S 18 =2l
—~ Il S
go |l i
3 II « hr=0m 5 II
© H3 S — hr=4m o |
N3 / —= hr=150m CH
] I ST
] = |l
I 13
1 3
RN 3
5 |1
e
1 o
1 n
i
o T T T v o
©0 300 600 900 1200 1500 0
Time (years)
I i |
1 2 3 4 5 6 7 8
Melt amplifier ap,

Figure 7. Results for PIG2 simulations for a range of values of the melt amplifier a.,, and for three different values of h. (a) The change in

SLC within the PIG basin. (b) The grounding line retreat measured along the PIG flowline. The red lines denote extreme melt simulations in

which ice shelves were immediately removed and prohibited from regrowing.
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Figure 8. Results for TG2 simulations for a range of values of the melt amplifier am, and for three different values of hr. (a) and (b) as for

Figure 7 but measured within the TG basin.
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Code and data availability. The version of the open-source BISICLES ice flow model used in this study is available for download from
https://doi.org/10.5281/zenodo.18773165 (Cornford et al., 2026). The MEaSUREs BedMachine Antarctica ice sheet topography (NSIDC-
0756, Version 3; https://doi.org/10.5067/FPSUOVIMWUBG6, Morlighem (2022)) and the MEaSUREs Phase-Based Antarctica Ice Velocity
Map (NSIDC-0754, Version 1; https://doi.org/10.5067/PZ3NJSRXRH10, Mouginot et al. (2019)) are available from the National Snow and
Ice Data Center (NSIDC). The mean 1980 to 2018 Antarctica accumulation rate and surface air temperature from Modele Atmosphérique
Régional (MAR) regional climate model are available at https://doi.org/10.5281/zenodo0.2547638 (Agosta and Fettweis, 2019). The mean
geothermal heat flux for Antarctica is available from Burton-Johnson et al. (2020). The Antarctic thickness change rate is available at
http://hdl.handle.net/1773/45388 (Smith et al., 2020). The scripts and data required to perform these simulations and the output data are
available at https://doi.org/10.5281/zenodo.21794928.
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