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S1. Model Initialisation

We initialised a modern-day configuration of the Amundsen Sea Embayment (ASE) to produce
smooth and consistent fields of basal friction coefficient C, ice stiffening factor ϕ and a relaxed
ice geometry. This was achieved through an iterative procedure following Bevan et al. (2023) which
alternates model inversions to produce optimised fields of C and ϕ with relaxation cycles in which
we allowed the surface geometry to evolve. We applied the most recently calculated fields of C
and ϕ during each relaxation cycle, and the updated surface geometry was applied in the next
iteration of the inverse problem. The initial ice thickness came from BedMachine v3 (Morlighem,
2022).

Fields of C and ϕ were estimated by solving an inverse problem. This method is described in de-
tail in Cornford et al. (2013). In short, smooth fields of C (x, y) and ϕ (x, y) are chosen that min-
imise the misfit between modelled and observed ice flow speeds. The observed flow speed came
from (Mouginot et al., 2019). Where velocity observations are available we set as the initial guess
at C,

C0 =
ϕigh |∇s|
|uo|+ 1

, (S.1)

elsewhere and outside of the ASE basin boundary we set C0 = 105. We initially set ϕ0 = 1.
A nonlinear conjugate gradient method was applied to find a minimum of an objective function
composed of the velocity misfit function and penalty functions for C (x, y) and ϕ (x, y). The penalty
functions act to limit the magnitude of spatial gradients of C (x, y) and ϕ (x, y), with the Tikhonov
coefficients determining the relative weightings of spatial gradients of C (x, y) and ϕ (x, y) within
the objective function. The inclusion of penalty functions in the objective function serves two
purposes. Firstly, without it, the inverse problem would be under-determined, that is we would
be seeking values of two unknown and unconstrained fields with only one field of input data. Sec-
ondly, it limits overfitting to small changes and noise in the observed velocity. Without the penalty
functions the problem would be ill-conditioned.

During the relaxation cycle, we prohibited thinning or thickening for floating ice by calculating
an additional basal mass balance which opposed any thickness change. Over grounded ice we ap-
plied the mean surface mass balance from 1980 to 2021 from the MAR regional climate model
(Agosta et al., 2019), from which the observed rate of thickness change from Smith et al. (2020)
was subtracted. This follows a method introduced by van den Akker et al. (2023) which is in-
tended to optimise agreement with modern observed thickening/thinning rates in the final re-
laxed state once the observed thickness change rate component is removed from the applied sur-
face mass balance.

The initialisation procedure was run for 50 years. The inverse problem was solved before the first
timestep of the relaxation, and then again at 10 year intervals. During both the inversion and
the relaxation cycles, a linear viscous sliding law was applied:

τ b,l = −Club. (S.2)

The units and magnitude of Cl in Equation SS.2 differ from those of the Regularised law (Equa-
tion 1). Following the initialisation procedure, we therefore calculate C by equating τ b,r = τ b,l,
taking the final modelled velocity at the end of the initialisation as ub.

Figure S1 shows the state at the end of the initialisation and Figure S2 shows the model state
following 1 year of a forwards model run initialised from the relaxed model state. Figures S3e
and S3f show the basal shear stress τ b (independent of sliding law) and ice stiffening factor ϕ pro-
duced by the initialisation procedure.
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S2. Thermal Spin-up

The three dimensional temperature field used in this study was derived from a thermal spin-up
using the BISICLES ice sheet model. The spin-up was carried out for the whole Antarctic Ice
Sheet.

Initially an inverse problem was solved to generate a realistic velocity structure for the ice sheet
using the observed velocities from (Mouginot et al., 2019). Note that unlike in Section S1, we
simply performed a single model inversion rather than carrying out the full iterative procedure.

The spin-up was carried out for 100,000 years at a resolution of 8 km across the full ice sheet.
The ice thickness was held constant throughout the spin-up. The ice column was divided into
24 vertical layers, with increasing vertical resolution towards the bed. The mean of monthly sur-
face temperatures from 1980 to 2021 from the MAR regional climate model (Agosta et al., 2019)
provided the surface temperature boundary condition. The mean geothermal heat flow dataset
from Burton-Johnson et al. (2020) provided the basal boundary condition. This dataset was com-
piled as a mean of five products produced by different methods.

Following the spin-up, the temperature field for the ASE domain was extracted directly from the
full Antarctic field. Figure S3d shows the depth averaged temperature field within the ASE.

S3. Ice Shelf Melt Rate

A synthetic ice shelf basal melt rate was applied in the experiments in this study. We used a very
simple depth-dependent parameterisation in which the melt rate varied linearly from 1 m/year
as sea level to some maximum melt rate at a depth of 1000 m, remaining constant with depth
thereafter. i.e.,

ṁ = 1 + (ṁmax − 1)
min [d, 1000]

1000
, (S.3)

where ṁ is the melt rate (defined such that positive ṁ means removal of ice) and d is the ice shelf
draft. We maintain the 1 m/year melt rate at sea level to remove thin floating ice.

The interbasin interaction experiments described in Section 2.1 use ṁmax = 250 m/year. This
is sufficiently large to trigger retreat while also remaining within a plausible range for a future
warming scenario. It initially produced 272 Gt/year total melt from TGIS and 569 Gt/year from
PIIS. While the synthesised total melt was significantly higher than observed melt of up to 100
Gt/year for both PIIS and TGIS (Rignot et al., 2013; Shean et al., 2019), melt rates of up to 250
m/year near the grounding line are consistent with both ocean models and observations (Shean
et al., 2019; Holland et al., 2023).

The first group of enhanced forcing experiments described in Section 2.2 also use this depth-dependent
parameterisation, but taking different values of ṁmax up to 2000 m/year.

Melting was applied only to the underside of floating ice. Masks were used to selectively apply
melt either individually to the PIG, TG or CD basins or to combinations of these basins. Basin
extents were provided by Mouginot et al. (2017). Melting was confined to the selected basins even
where grounding lines retreated beyond basin boundaries, and to cells with direct ocean connec-
tivity.

S4. Buttressing Number Calculation

The strength of ice shelf buttressing can be evaluated using the buttressing number, θn. We fol-
low the formulation of Gudmundsson et al. (2023) which we repeat here for convenience. The
buttressing number is calculated as the ratio of the resistive horizontal stress measured normal
to the grounding line to the resistive stress in the absence of an ice shelf,

θn =
Rn

R0
, (S.4)
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where Rn is the normal component of the resistive stress vector measured across the grounding
line,

Rn = n̂T
nl ·Rn̂nl. (S.5)

n̂nl = [nx ny]
T
is the unit vector normal to the grounding line and R is the resistive stress vec-

tor,

R =

(
2τxx + τyy τxy

τxy τxx + 2τyy,

)
(S.6)

resulting in
Rn = n2

x (2τxx + τyy) + 2nxnyτxy + n2
y (τxx + 2τyy) . (S.7)

R0 is the normal component of the resisitive horizontal stress in the absence of an ice shelf,

R0 =
1

2
ρi (1− ρi/ρw) gh, (S.8)

where ρi = 917 kg m−1 and ρw = 1027 kg m−1 are the ice and ocean densities respectively, g =
9.81 m s−2 is the gravitational acceleration and h is the ice thickness.

An unbuttressed or exposed grounding line will have Rn = R0, therefore by definition θn =
1. The ice shelf provides buttressing where θn < 1, and anti-buttressing where θn > 1, i.e. the
presence of the shelf acts to increase tension at the grounding line. Where θn < 0 the ice shelf
provides super-buttressing, i.e. the buttressing strength is such that ice at the grounding line is
under compression.
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Figures S1 to S8

Figure S1. Initial state following the 50 year initialisation procedure. (a) Total thickness change from

the original ice thickness. (b) Rate of thickness change after 50 years in the final relaxation iteration. (c)

Initial ice velocity misfit. (d) Final ice velocity misfit. Thick black lines show the basin boundaries and

ice extent while thin black lines show the sea level contour of bed depth. Grounding lines are marked by

green lines.
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Figure S2. Model state following the first year of a forwards run started from the initial state shown

in Figure S1. Scatterplots of: (a) Modelled versus observed ice flow speed. (b) Modelled versus observed

rate of thickness change sampled where the flow speed exceeds 100 m/year, with orange line of best fit.

(c) Initial ice surface elevation versus BedMachine v3 ice surface.
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Figure S3. Model inputs following the initialization, shown only within the ASE. (a) Bed topography,

(b) ice thickness, (c) modelled ice flow speed, (d) depth-averaged ice temperature, (e) basal shear stress

and (f) ice stiffening factor. Thick black contours outline the drainage basins, thin black contours show

the sea level contour of bed depth and red lines highlight the grounding line. The basal friction coefficient

C is set to be large beyond the ASE boundary to effectively isolate the ASE. The box in (a) shows the

spatial extent of other figures.
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Figure S4. Buttressing numbers calculated for the TG grounding line for the initial and final states.

Thick blue and orange lines mark the ice extent and thick black lines mark the TG basin boundary. Plot-

ted buttressing factors are bordered in blue or orange to indicate the epoch. Coloured circles highlight

potential vulnerabilities. The inset histogram shows grounding line buttressing numbers with quartile val-

ues highlighted by vertical lines. The extent of the zoomed in region is shown in Figure S3a. Bed contours

at 250, 500, 750 and 1000 m depth are marked by grey/black contours of increasing darkness.
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Figure S5. Impact of pinning point removal. (a) Ice flow speed for TG ice shelf and grounding line

region. (b) to (d) Instantaneous percentage increase in flow speed associated with removal of the orange-

highlighted pinning points. Pinning points were removed by setting the basal friction coefficient to those

cells to zero. Regions that saw a slowdown are shown in grey. Inset histograms in (b) to (d) show the shift

in buttressing number θn before (blue) and after (orange) pinning point removal. The upper histogram in

each panel shows buttressing numbers calculated for all grounding lines cells (excluding pinning points)

within the TG basin, while the lower histogram shows buttressing numbers calculated for the region

within the black box. The extent of the zoomed in region is shown in Figure S3a. Bed maps and contours

in each panel follow the same scale as in Figure S4.
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Figure S6. Grounding line retreat rates along the TG flowline for enhanced forcing experiments (see

Figure 4).
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Figure S7. Time of earliest ungrounding in TG continuation experiments: (a) Depth-dependent melt

rate 2000 m/yr. (b) Uniform melt rate 250 m/yr. (c) Additional calving rate with rate multiplier 1.25.

(d) Tsai sliding law.The extent of the zoomed in region is shown in Figure S3a. Bed map and contours in

each panel follow the same scale as in Figure S4.
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Figure S8. Comparison of Tsai and Regularised sliding law experiments (Figure 4d). (a) Instantaneous

speedup when the Tsai law was applied. The inset histogram shows basal stress sampled at the grounding

line for Regularised (blue) and Tsai (orange) laws. The extent of the zoomed in region is shown in Fig-

ure S3a. Bed map and contours in (a) follow the same scale as in Figure S4. (b) and (c) respectively show

ice geometry and velocity along the flowline (black and white line, panel (a)) at 50-year intervals. Solid

lines in (b) and (c) show the Tsai law while dashed lines show the Regularised law. Note that dashed lines

overlap due to stagnation with the Regularised law. Circles plotted at the bed in (b) show where the Tsai

rule determines the basal stress.

–12–



manuscript submitted to Geophysical Research Letters

Information and Captions for Movies S1 to S8

We include animated plots of the experiments presented in Section 3.1. Movies S1 and S2 visu-
alise the experiment groupings from Figures 2 and 3 respectively, while Movies S3 to S8 show
individual experiments. Table S1 contains information on Movies S1 to S8.

Movie S1. Movie visualisation of Figure 2, showing the evolution of the ASE for PIG, TG, com-
bined PIG and TG and full ASE melt experiments. (a) Grounding line evolution (coloured lines).
Also shown are the basin boundaries and initial ice front (black lines) and initial grounding line
(white lines with black edges) superimposed over the bed topography. The PIG and TG flow-
lines are also shown. (b) Volume above flotation (VaF) loss from the ASE. The dashed blue and
orange line shows the summed VaF loss from the individual PIG and TG melt experiments. (c)
Grounding line retreat along flowlines in PIG (dashed lines) and TG (solid lines). Lines are trun-
cated where the grounding line retreats beyond the end of the flowline, shown by black horizon-
tal lines. (d) Ice flux per unit length across the PIG-TG basin boundary, defined such that pos-
itive flux refers to flow out of the TG basin. (b) to (d) also include timesliders referencing the
current time in (a).

Movie S2. Movie visualisation of Figure 3, showing the evolution of the ASE for CD, TG and
combined CD and TG melt experiments. (a) to (d) as for Movie S1, except that dashed lines in
(c) refer to the CD basin and fluxes in (d) are measured across the CD-TG basin boundary.

Movies S3 to S8. Movie visualisations of individual experiments. (a) to (d) as for Movies S1
and S2, except that (a) additionally shows the total thickness change. Dashed lines in (c) and
fluxes in (d) refer to different basins depending on the experiment. See Table S1 for these de-
tails.

Movie Experiments
Retreat
flowline

Basin
boundary

Corresponding
figure

S1

PIG isolated melt
TG isolated melt
Combined PIG+TG melt
Full ASE melt (CD+PIG+TG)

PIG PIG-TG Figure 2

S2
CD isolated melt
TG isolated melt
Combined CD+TG melt

CD CD-TG Figure 3

S3 PIG isolated melt PIG PIG-TG Figure 2
S4 TG isolated melt PIG PIG-TG Figure 2
S5 Combined PIG+TG melt PIG PIG-TG Figure 2

S6
Full ASE melt
(CD+PIG+TG)

PIG PIG-TG Figure 2

S7 CD isolated melt CD CD-TG Figure 3
S8 Combined CD+TG melt CD CD-TG Figure 3

Table S1. Details of Movies S1 to S8. Retreat flowlines refer to dashed lines in Panel c. Basin bound-

aries refer to Panel d.
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