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Abstract

Vanderford Glacier is the fastest retreating glacier in East Antarctica; however, the dominant driver of the
:::::
driver

:::
of

observed grounding line retreat remains largely unknown. The presence of warm modified Circumpolar Deep Water
offshore Vanderford Glacier suggests that grounding line retreat may be driven by ice

::::::
sub-ice shelf basal melt, similar

to the neighbouring Totten Glacier. Here, we
::
We

:
use an ice sheet model to assess the relative contributions of basal5

melt and calving to
:::::::::
sensitivity

::
of

:
mass loss and grounding line retreat at Vanderford Glacier

:
to

:::::::
sub-ice

:::::
shelf

:::::
basal

::::
melt

::::
and

::::::::
ice-front

:::::::
retreat. We compare simulations forced both by satellite-derived estimates of

::::::::
long-term

::::::
mean

::::::
annual

:
basal melt and calving

::::::::
observed

::::::
annual

::::::::
ice-front

:::::::
retreat, and varying magnitude idealised basal melt and

ice-front retreat. Observed
::::::
Forcing

::::
the

::::::
model

::::
with

:::::::::::::::
satellite-derived basal melt rates are too low to drive grounding

line migration; instead, basal melt rates in excess of 50 m yr−1 at the grounding line are required to
:::
and

:::::::::
observed10

:::::::
ice-front

:::::::
retreat

::::::
results

::
in

::::::::
minimal

::::::::::
grounding

:::
line

::::::::
retreat,

:::::::::
suggesting

:::::
that

:::::
these

:::::::
forcings

:::::::
cannot generate grounding

line retreat similar to observations. By contrast, calving experiments suggest that > 80 %
:
of

::
a
::::::
similar

::::::::::
magnitude

:::
to

:::::::::::
observations,

::::
and

:::::
that

::::::::
observed ice-front retreat - well in excess of the observed

:::
has

::::::::
removed

::::
only

:::::::
passive

:::
ice

:::::
from

:::
the

::::::::
ice-shelf.

::
In

::::
our

::::::::::
sensitivity

:::::::::::
experiments,

:
ice-front retreat since 1996 - needs to occur to generate

::
>

:::
80

::
%

::
of

::::
the

::
ice

:::::
shelf

::::::
length

::::
fails

:::
to

:::::::
produce

:
grounding line retreat similar

::
of

:
a
:::::::
similar

::::::::::
magnitude to observations.

:::::::
Instead,

:::::
basal15

::::
melt

:::::
rates

::
>

:::
50

::
m

:::::
yr−1

::
at

::::
the

:::::::::
grounding

::::
line

:
-
:::::
more

:::::
than

:::::
twice

:::::::
current

:::::::::
estimates

:
-
:::
are

::::::::
needed. Our results suggest

that grounding line retreat and dynamic mass loss at Vanderford Glacier is likely to be dominated by basal melt, with
an almost negligible contribution from calving. However, basal melt rates that generate grounding line retreat in
our idealised experiments are twice the current

::::::
melting

::::::
higher

:::::
than

:::::::
current

:::::::::::::::
satellite-derived estimates, highlighting

the need for improved constraints on basal melting
::::
melt

::::::::
estimates

:
in the Vincennes Bay region

:
,
::::
and

::::
that

::::::::
ice-front20

::::::
retreat

:::
has

:::
an

:::::::
almost

:::::::::
negligible

::::::
impact

:::
on

:::::::::
sustained

:::::::::
grounding

::::
line

:::::::
retreat.

1



1 Introduction

Vanderford Glacier (Fig. 1) is the dominant outlet glacier of the Vincennes Bay drainage basin, which contains
approximately 0.67 m of global sea level equivalent (Morlighem et al., 2020) and is a sub-basin of the Aurora Subglacial
Basin, East Antarctica. Vanderford Glacier has experienced approximately 18.6 km of grounding line retreat between25

1996 and 2020 (~0.8 km yr−1) and is the fastest retreating glacier in East Antarctica, dwarfing equivalent rates of
0.2 km yr−1 for neighbouring glaciers within the Vincennes Bay drainage basin (Picton et al., 2023; Stokes et al.,
2022). Vanderford Glacier retreat also exceeds that of nearby major outlet glaciers of the Aurora Subglacial Basin,
Totten and Moscow University, which have retreated 3.51 ± 0.49 km and 13.85 ± 0.08 km, respectively, over the
same period (Li et al., 2023b). The large spread in grounding line retreat rates between the Vincennes Bay glaciers30

(Picton et al., 2023) implies that localised conditions likely control Vanderford Glacier retreat.

Neighbouring the Vincennes Bay drainage basin, the Totten Glacier drainage basin is the largest catchment of the
Aurora Subglacial Basin (Fig. 1). Totten Glacier has been losing mass at an increasing rate over recent decades
and represents the largest East Antarctic contributor to sea-level rise (Li et al., 2023a). McCormack et al. (2023)
demonstrate the close relationship between Totten and Vanderford Glaciers’ flow configurations, suggesting that35

small changes to local ice geometry (e.g. potentially associated with changes in ice-shelf buttressing at Vanderford
Glacier due to ocean-driven thinning or calving) could result in large-scale reconfiguration of ice flow and subglacial
hydrology, having larger implications on ice dynamics across the Aurora Subglacial Basin. Vanderford Glacier appears
to be currently grounded on a prograde bed slope limiting its retreat (Fig. 2c); however, bed topography in the
region upstream of the grounding line is associated with > 500 m of uncertainty, which is some of the highest in East40

Antarctica (Morlighem et al., 2020). The region may be susceptible to Marine Ice Sheet Instability (MISI; Schoof,
2007; Weertman, 1974) under future warming conditions if extensive grounding line retreat into the upstream Aurora
Subglacial Basin should occur.

Recent mass loss and grounding line retreat at Vanderford Glacier is believed to be linked to the intrusion of warm
modified Circumpolar Deep Water (mCDW) into the ice-shelf cavity via a deep marine trough offshore; however,45

high-resolution mapping of the trough extent across the continental shelf has not been conducted (Picton et al., 2023;
McCormack et al., 2023). Basal melting in the region is likely dominated by mode 2 melting (Jacobs et al., 1992),
where warm mCDW at depth drives melt close to the grounding line. This is consistent with the presence of the
warmest recorded intrusions of mCDW in East Antarctica which have been observed in Vincennes Bay (Ribeiro et al.,
2021; Herraiz-Borreguero and Naveira Garabato, 2022). The mCDW temperatures in Vincennes Bay are comparable50

to those at Totten Glacier, where mode 2 melting is dominant (Silvano et al., 2017, 2018; Ribeiro et al., 2021).
However, recent satellite-derived basal melt estimates from Paolo et al. (2022) and Davison et al. (2023) show basal
melt rates ranging from -9 to 34 m yr−1 across the Vincennes Bay ice shelves (Fig. 2a-b), compared to estimates of -8
to 67 m yr−1 at Totten Glacier; up to twice those of Vincennes Bay, with high melt rates close to the grounding line
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Figure 1. Overview of the Aurora Subglacial Basin, showing the Vincennes Bay drainage basin. (a) MEaSUREs v2 ice surface
velocity (Rignot et al., 2017) for the Aurora Subglacial Basin. Black lines denote drainage divides and the MEaSUREs v2
grounding line from Mouginot et al. (2017). The model domain and Vincennes Bay drainage boundary is shown in white.
Abbreviations are defined as follows: VG = Vanderford Glacier; TG = Totten Glacier; VB Basin = Vincennes Bay drainage
basin; and TG Basin = Totten Glacier drainage basin. Red box indicates the extent shown in (b). The green box indicates the
Totten Glacier extent shown in Fig. 2. (b) Vincennes Bay glaciers and ice shelves; all graphical components are consistent with
(a). The 2020 grounding line is shown in green (Picton et al., 2023). The colour scale is consistent across (a) and (b).

(Fig. 2a-b). These disparate satellite-derived basal melt observations in neighbouring systems with similar offshore55

ocean properties suggest that basal melt rates in Vincennes Bay may be underestimated.

Recent work has also explored the influence of basal melt and calving on both the ice-shelf mass budget (Davison
et al., 2023), and changes in grounded ice discharge (Greene et al., 2022) for the Vincennes Bay region. Greene
et al. (2022) model the instantaneous response to changes in floating ice geometry (calving and thinning) and show
that changes in the ice-front position accounts for approximately half of all Antarctic mass loss since 2007. For the60

Vincennes Bay region, Davison et al. (2023) show that calving dominated the freshwater fluxes (i.e. ice loss) from the
ice shelf for the 1997-2021 period. However, to attribute relative contributions of basal melt and calving processes on
mass loss relies on accurate predictions of basal melt. With no direct measurements of ice shelf melt in Vincennes
Bay, basal melt estimates are derived

::
at

::::
high

::::::::::
resolution

::::
(i.e.

:::
1-2

::::
km)

:
from satellite altimetry-based methods, which
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:
;
::::::::
however,

:::::
these

::::::::
methods

:
require various simplifying assumptions that could lead to biases, particularly in small65

systems such as Vincennes Bay (Chartrand and Howat, 2023).

The sensitivity of Vanderford Glacier grounding line retreat and ice mass loss to different magnitude basal melt
and calving perturbations has not been investigated, presenting a significant gap in our understanding of the region.
Given the potential for broader implications across the Aurora Subglacial Basin arising from changes at Vanderford
Glacier (McCormack et al., 2023), quantifying the relative contributions of these processes on grounding line retreat70

and mass loss is essential.

Figure 2. Current mass loss estimates
::::::
Sub-ice

::::
shelf

:::::
basal

::::
melt

:::::
rates

:::
and

::::::::
ice-front

::::::::
migration

:
for Vincennes Bay. (a) Mean

::::::::
Long-term

:::::
mean

:
annual basal melt rate derived from satellite altimetry (Paolo et al., 2022). (b) Mean

::::::::
Long-term

:::::
mean annual

basal melt rate derived from satellite altimetry (Davison et al., 2023). (c) Ice-shelf front positions from Greene et al. (2022),
2020 grounding line position (Green line) from (Picton et al., 2023), and Vanderford Glacier flow line along which grounding
line retreat is measured (Red line). Bed elevation is taken from BedMachine V3 (Morlighem et al., 2020). On all panels, the
model domain extent is shown in black and the initial MEaSUREs v2 grounding line (Mouginot et al., 2017) is shown in
purple. The

:::::
extent

::
of

:::
the

:
Totten Glacier inset in (a) and (b) is not to scale and the extent is shown in Fig. 1a.

::
No

:::::
basal

::::
melt

::::::::
estimates

:::
are

:::::::
available

:::
for

::::::::::
Underwood

:::::::
Glacier.

:::
For

:::::::
MP aolo :::

and
::::::::
MDavison:::::::::::

experiments,
:::
we

:::::::::
interpolate

:::::
these

:::::
basal

::::
melt

:::::
fields

:::::
across

:::
the

::::::
model

::::
mesh

:::
to

:::::
ensure

::::
that

:::::
basal

::::
melt

:::::
rates

:::
are

::::::::
provided

:::::::::::
appropriately

::
as

:::::::::
grounding

:::
line

:::::::::
migration

::::::
occurs.

The aim of this study is to determine the relative contributions of sub-ice shelf basal melt and calving to
:::::
assess

::::
the

:::::::::
sensitivity

::
of

:
mass loss and grounding line retreat at Vanderford Glacier . Specifically, we

::
to

::::::
sub-ice

:::::
shelf

:::::
basal

:::::
melt

4



:::
and

::::::::
calving.

:::
We

:
use time-evolving numerical ice sheet model simulations to address the

::::::::
following

::::::::
research

:
questions:

1) what are the relative contributions
:::
can

::::::::::::::
satellite-derived

:::::::::
estimates

:
of basal melt and calving to

:::::::
ice-front

:::::::
retreat75

:::::::
generate

::::
the

::::::::::
magnitude

::
of

::::::::
observed

:
grounding line retreat at Vanderford Glacier ; and

::::::::
between

:::::::::
1996-2020;

:::::
and,

::
if

:::
not,

:
2) can current estimates

::::
what

::::::::::
magnitude

:
of basal melt andice-front retreat explain recent observed

:::
/or

:::::::
calving

:
is
::::::::
required

:::
to

::::::::
generate

:::::::::
grounding

::::
line

::::::
retreat

::
of
::

a
:::::::
similar

::::::::::
magnitude

::
to

:::::::::
observed?

:::::::::
Although

:::
the

::::
aim

::
of

::::
this

::::::
study

::
is

:::
not

::
to

::::::::
directly

::::::::
replicate

:::::
recent

:::::::
trends

::
at

::::::::::
Vanderford

::::::::
Glacier,

::
by

::::::::::
addressing

::::
the

:::::
above

:::::::::
questions,

:::
we

::::
are

::::
able

::
to

:::::
infer

:::
the

:::::
likely

::::::::
driver(s)

::
of
::::::

recent
:::::::::
historical

::::::::
changes

::
in

:::::
mass

::::
loss

:::
and

:
grounding line retreat at Vanderford Glacier? .

:
80

This paper is structured as follows: in Sect. 2, we describe the ice-sheet model set-up and initialisation process,
and provide an overview of our perturbation experiments. In Sect. 3, we present the results of our ice-sheet model
simulations, focusing on changes to key measures of mass loss and grounding line retreat; these results are discussed
in Sect. 4. Finally, we provide a conclusion of this work in Sect. 5.

2 Data and methods85

2.1 Ice sheet model setup

We use the Ice-sheet and Sea-level System Model (ISSM; Larour et al., 2012) to run transient simulations of the
Vincennes Bay drainage basin

:
.
::::
The

::::::
model

:::::::
domain

:
(Fig. 1) . The model domain covers the Vincennes Bay drainage

basin from the MEaSUREs Antarctic Boundaries for International Polar Year (IPY) 2007-2009 v2 (Mouginot et al.,
2017), extended to include the cumulative maximum ice-shelf front extent from 1997 to 2021 from Greene et al.90

(2022). We use an anisotropic mesh comprising 95,156 elements with a variable resolution ranging from ~150 m
around the ice-front of the Vincennes Bay ice-shelf, to a maximum resolution of ~12 km in the interior of the basin,
with a mean resolution of ~590 m across the Vincennes Bay ice shelf and upstream of the grounding line. The initial
grounding line is taken from the MEaSUREs Antarctic Boundaries for IPY 2007-2009 v2 (Mouginot et al., 2017).
Bed topography and ice geometry are taken from BedMachine Antarctica v3 (Morlighem et al., 2020), and surface ice95

velocities are from MEaSUREs v2 (Fig. 1). We assume floating ice is in hydrostatic equilibrium. Due to the paucity
of bathymetry estimates below floating ice, we adjust and smooth the bathymetry in the ice-shelf cavity such that
it deepens from the grounding line to the ice-front, better reflecting the deep bathymetry offshore the Vanderford
ice-front.

::::::::::
Adjustment

::
of

::::
the

:::::::
sub-ice

::::
shelf

:::::::::::
bathymetry

::::::::
ensures

::::
that

::::
the

:::
ice

::::
shelf

:::::
does

::::
not

:::::::::
re-ground

:::
on

::::::::::
unrealistic

::::
high

::::::
points

::
in

::::
the

:::
ice

::::
shelf

::::::
cavity,

:::::::::::
introducing

::::::::::
buttressing

:::::::
forces. We enforce a minimum water depth of 50 m below100

the ice-shelf base, and lower the bathymetry at the ice-shelf front by 840 m which is the mean difference between
the BedMachine bathymetry and multibeam swath bathymetry at Vanderford Glacier ice-front (Commonwealth
of Australia, 2022). This approach may limit any grounding line advance across model simulations; however, the
initial grounding line represents the most advanced grounding line since observations began, thus, we do not expect
grounding line advance beyond this position. Furthermore, as the cavity geometry is not an explicit parameter in the105
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basal melt parameterisation used here, deepening the bathymetry in the ice-shelf cavity does not impact melt rates.
For all model simulations, we use the two-dimensional Shelfy-Stream Approximation (SSA) to the Stokes equations
(MacAyeal, 1989).

Recognising the importance of the choice of basal friction law on ice mass loss estimates and grounding line dynamics
(Brondex et al., 2017, 2019; Barnes and Gudmundsson, 2022), we consider different friction laws to account for the110

sensitivity of ice sheet models to different basal friction representations: Weertman (1974), Budd et al. (1979), and
Schoof (2005), given respectively by:

τb = C2
w|ub|m−1ub (1)

τb = C2
b Nu3m

b (2)115

τb = C2
s |ub|m−1

(1 + (C2
s /(CmaxN))1/m|ub|)m

ub (3)

where τb ::::
(Pa) is basal shear stress, Cw ::::::

(kg1/2
::::::
m−2/3

::::::
s−5/6), Cb ::::

(s1/2
:::::::
m−1/2), and Cs ::::::

(kg1/2
::::::
m−2/3

::::::
s−5/6) are friction

coefficients for the Weertman, Budd, and Schoof friction laws, respectively, ub ::
(m

::::
s−1)

:
is the basal velocity, m is

a positive exponent set to 1/3, and Cmax is Iken’s bound, set to 0.5 (Brondex et al., 2017). In Eq. 2 and Eq. 3
::
.2120

:::
and

:::::
Eq.3, N

::::
(Pa)

:
relates to the effective pressure, calculated following Brondex et al. (2017), assuming perfect

hydrological connection between the subglacial hydrology system and the ocean, such that:

N =

ρigH + ρwgzb if zb < 0
ρigH ifzb ≥ 0

(4)

where ρi is the ice density (917 kg m−3), g is the gravitational acceleration (9.81 m s−2), H is the ice thickness (m),
ρw is the seawater density (1023 kg m−3), and zb is the ice base elevation (m). We note that the system response to125

different friction laws is not the focus of this study; rather, we consider multiple friction laws to ensure that our
findings are not dependent on a given representation of basal friction. We use a Glen-type flow relation (Glen, 1953)
with a stress exponent of n = 3 and compute ice rigidity using inverse methods (Morlighem et al., 2013, Sect. 2.2). For
all transient simulations, we use a 1-month time step, with sub-element grounding line (SEP1; Seroussi et al., 2014)
and basal melt (SEM1; Seroussi and Morlighem, 2018) parameterisations. We provide constant surface mass balance130

forcing to the model using the 1991-2020 climate normal mean annual surface mass balance from RACMO2.3p2
reanalysis (van Wessem et al., 2018).
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We limit our analysis to the region of the model domain which contributes to the Vincennes Bay and Anzac Glacier
ice-shelves (Fig. 1), principally for the purpose that this region is the primary focus of this study and these individual
ice shelves become merged across all simulations. We quantify changes in grounding line position by measuring its135

migration along a central flowline in the main trunk of Vanderford Glacier (Fig. 2c). The Underwood Glacier to the
west (Fig. 1) is outside of our area of interest and shows a relatively persistent grounding line location throughout all
simulations. For this reason, we do not consider the response of Underwood Glacier in this study.

2.2 Ice sheet model initialisation

We invert ice rigidity and basal friction coefficient for each friction law independently (Fig. 3), minimising a cost140

function which includes terms for the linear and logarithmic misfit between simulated and observed surface ice
velocities (Morlighem et al., 2013). We first invert for ice rigidity over floating ice, selecting linear and logarithmic cost
function coefficients such that the contributions to the total cost function are similar. For the basal friction inversion
using the Budd friction law, we choose coefficients such that their contributions to the total cost function have the
same order of magnitude (e.g. Morlighem et al., 2013). For the Schoof and Weertman friction laws, we choose cost145

function coefficients that yield similar area-weighted RMSE velocity misfits to the Budd friction law, while minimising
the velocity misfit across the domain. Finally, we invert for ice rigidity across the whole domain using consistent cost
function coefficients across all friction laws such that the linear and logarithmic cost function contributions have the
same order of magnitude. To penalise sharp gradients in the resultant fields, we add Tikhonov regularisation to all
inversions, using L-curve analysis (Hansen, 2000) to determine the optimal regularisation parameters. Following the150

inversion process, the area-weighted RMSE velocity misfits for the Budd, Schoof, and Weertman friction laws are 8.2
m yr−1, 9.9 m yr−1, and 8.4 m yr−1, respectively. All spatially-varying basal friction and ice rigidity fields are held
constant for the duration of all simulations.

Following model initialisation, we hold the grounding line fixed and perform an initial 2-year relaxation (Fig. 3) for
each friction law to remove non-physical artefacts that result from observational uncertainties and discrepancies155

between data product epochs. Subsequently, we perform a 500-year spin-up simulation (Fig. 3)
:::
for

::::
each

:::::::
friction

::::
law

where the grounding line is allowed to freely-evolve. For this simulation, we prescribe a baseline basal melt rate
(M) of 3 m yr−1 across floating ice. We use 3 m yr−1 as it is the median value of the two-dimensional

:::::::::
long-term

mean annual melt rate field across Vincennes Bay ice shelves from Paolo et al. (2022). At the end of this 500-year
simulation, ice velocities and geometry are in pseudo-steady state

:::::
(Fig.

:::
S1), and these fields are used as the initial160

conditions for all perturbation experiments (Sect. 2.3).

2.3 Perturbation experiments

To assess the sensitivity of Vanderford Glacier to sub-ice shelf basal melt and calving, we simulate
:::::::
perform a series

of perturbation experiments . All experiments are run for a period of
:::::
which

::::
run

:::
for

:
100 yearsand for each basal
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Figure 3. Overview of study methodology. Steps contained within the grey dotted boundary are completed independently for
each friction law. Experiment names in bold indicate basal melt and calving processes combined in hybrid experiments.

friction law ,
:::
for

:::::
each

::
of

:::
the

::::::
basal

::::::
friction

:::::
laws

:
(Sect. 2.1). After an initial perturbation-free 5-year period using the165

same constant basal melt rates and SMB as in the spin-up, perturbations to either the basal melt rates or calving
fronts are applied for 25 years, consistent with the time period over which recent grounding line retreat has been
observed at Vanderford Glacier. At the end of the 25-year perturbation period, the model is allowed to evolve for an
additional 70 years, again using the same constant forcings applied during the spin-up simulation. This approach
allows us to quantify the instant and evolving ice sheet response to a perturbation. We also simulate a 100-year170

perturbation-free control simulation (Ctrl) where the forcings are consistent with the spin-up simulation. The system
response to the control experiment is subsequently removed from all perturbation experiments to isolate the effect of
each perturbation.

Beyond investigating the system response to observed conditions, we include basal melt and calving perturbation
outside the observed range. These perturbation experiments are intended to capture the full range of plausible175
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conditions, allowing us to assess the relative influence of different magnitude perturbations of different mass loss
drivers (i.e. basal melt and calving) on Vanderford Glacier. Perturbation experiments are broadly separated into four
categories as follows and are summarised in Fig. 4 and Table 1:

– Observed mass loss experiments assess the response of the system to observed basal melt and calving (Cobs). To
simulate the impact of observed basal melt, we use

::::::::
long-term

:
mean annual basal melt rates

:::
(i.e.

:::::::::::::
2-dimensional180

:::::
fields)

:
derived from satellite altimetry for the period 1992-2017 from Paolo et al. (2022) (MP aolo; Fig. 2a) and

for the period 1997-2021 from Davison et al. (2023) (MDavison; Fig. 2b). To simulate the impact of observed
changes in the ice-front, we use a time series of approximately annual ice-front positions for the Vincennes Bay
ice shelves between 1997-2021 from Greene et al. (2022) (Fig. 2c). For MP aolo and MDavison experiments, we
hold the ice-front fixed and hold

:::::::::
long-term

:
mean annual melt rates constant across the perturbation period.185

For Cobs we include the baseline basal melt rate of 3 m yr−1, consistent with the control simulation, and vary
the ice-front position using ice masks from Greene et al. (2022). We apply calving events annually on January
1. There are only 24 ice masks included in the Greene et al. (2022) dataset, so we apply these annually from
the beginning of the perturbation period and hold the ice-front fixed following the final calving event. We note
that the initial ice-front extent used in Cobs simulations is the cumulative maximum ice-front extent (consistent190

with the control simulation), thus, the magnitude of the initial calving event to reach the initial ice-front extent
from Greene et al. (2022) is likely larger than observed events.

– Basal melt perturbation experiments vary the magnitude of basal melt rates applied using a simple linear
parameterisation, increasing melt rate with depth, such that:

M =

Ms if zb ≥ −300
Md if zb ≤ −600

(5)195

where Ms is set to 8 m yr−1 across all experiments and represents the area-weighted
:::::::::
long-term mean annual

melt rate from Paolo et al. (2022) and Davison et al. (2023) across regions with ice drafts ≥ -300 m. Md varies
between experiments by increments of 10 m yr−1, from 10 - 100 m yr−1 and the ice-front is held fixed. Shallow
and deep ice draft values (Eq. 5) are selected based on the depths of mCDW recorded within Vincennes Bay
(Ribeiro et al., 2021). Basal melt rates applied to our simulations are shown in Fig. 4a.200

– Calving experiments adjust the ice-front to simulate calving processes. Two different mechanisms of ice-front
retreat (IFR) are tested, including continual linear retreat (Cl), intended to simulate edge-wasting, and larger
calving events occurring on a 12.5-year cycle (Cm) such that three large-scale calving events occur within the
perturbation period. The choice of a 12.5-year calving cycle is arbitrary, but is intended to represent larger
discrete calving events. The final extent of IFR is consistent for Cl and Cm experiments, and is determined205

as a percentage of the distance from the mean grounding line across all friction laws to the initial ice-front
in the along-flow direction. We vary the magnitude of IFR by increments of 10 %, from 10 - 100 %. Baseline
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Table 1. Overview of perturbation experiment forcings. Values in parentheses denote the increments of applied forcings across
experiments. Md = deep ice draft basal melt rate; Ms = shallow ice draft basal melt rate. Subscripts used in experiment
names for basal melt perturbations denote the corresponding Md value. Subscripts used in experiment names for the calving
perturbations denote the corresponding IFR percentage. No specific experiment names are assigned to hybrid experiments.

Perturbation Type Experiment name Md (m yr−1) Ms (m yr−1) Ice-front retreat (%)

None (Control) Ctrl 3 3 0

Observed Mass Loss
Cobs 3 3 Observed
MP aolo Observed Observed 0
MDavison Observed Observed 0

Basal Melt M10 - M100 10 - 100 (10) 8 0

Calving (Linear) Cl10 - Cl100 3 3 10 -100 (10)

Calving (Major) Cm10 - Cm100 3 3 10 -100 (10)

Hybrid – 10 - 50 (10) 8 20 - 100 (20)

basal melt is included, consistent with the control simulation. We hold the ice-front fixed at the final location
following the perturbation period. Final ice-front positions for each calving perturbation are shown in Fig. 4b.

– Hybrid experiments combine basal melt and calving processes, described above. We explore the combined210

effects of basal melt and calving to determine whether comparable system responses can be generated through
multiple experimental set-ups. Here, we test a subset of basal melt and calving perturbations, including IFR
of 20 - 100 % in increments of 20 %, and Md rates of 10 - 50 m yr−1 in 10 m yr−1 increments. We complete
these hybrid experiments using only the linear calving mechanism (Cl). We compare the results against the
corresponding basal melt perturbation without IFR to directly assess the effect of including IFR. We assess215

changes only at the end of the perturbation period.

For Cobs, Cl, and Cm experiments, we use the levelset method (Bondzio et al., 2016) to explicitly define ice-front
positions for each time step, based on observations for Cobs (Fig. 2

:
c) and idealised ice-front positions for Cl and

Cm (Fig. 4b). The levelset method involves providing a 2D field for each time step, defining regions of ice presence
(negative values) and absence (positive values), where the zero contour defines the ice-front. We assess the relative220

change in the perturbation experiments compared to the control experiment (Ctrl) for the following variables:
grounding line flux (GLflux), grounding line position, ice volume, and volume above floatation (V AF ).

3 Results

We assess the results for each set of perturbation experiments individually. For each, we first consider the system
response during the perturbation period and then the evolution following the perturbation period. We then consider225

the influence of the basal friction law during the perturbation period, followed by its influence on the evolution of
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Figure 4. Overview of basal melt and calving perturbations. (a) Linear basal melt parameterisation. Vertical black dashed
line represents constant Ms across all experiments. Horizontal dashed lines denote shallow (≥ -300 m) and deep (< -600 m)
ice drafts where changes in Md are applied. Note that the y-axis is truncated at -1000 m for visualisation; however, basal
melt rates are applied across all ice drafts. (b) Final ice-front positions for all calving (Cl and Cm) perturbations. Note that
final ice-front positions are held constant following the perturbation period. The 100 % IFR perturbation varies depending on
the friction law due to the specific grounding line location: Budd (solid), Schoof (dashed), and Weertman (dotted), although
differences are very minor and 100 % IFR lines plot on top of each other in (b). The purple outline denotes the model domain
boundary. Ice front positions are plotted over bed elevation from BedMachine v3 (Morlighem et al., 2020).

the system after the perturbation period. The results of the observed mass loss perturbation experiments (MP aolo,
MDavison, and Cobs) are presented in Sect. 3.1. Basal melt perturbation experiment results are shown in Sect. 3.2,
calving perturbation experiments in Sect. 3.3, and hybrid experiments in Sect. 3.4.

3.1 Observed mass loss perturbations230

None of the observed mass loss experiments result in marked changes in GLflux, V AF , or grounding line position
at any time throughout the simulations (Fig. 5a and Fig. 5e; Fig. 6b

::
a-c). Most mass loss occurs directly from the

ice shelf, rather than thinning or increased discharge of upstream grounded ice (Fig. 6c-d and Fig. S1
::
S2). The Cobs

experiment resulted in greater mass loss than both the MP aolo and MDavison experiments (Fig. 6d).
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Figure 5. Grounding line positions across all perturbation experiments. (a)-(d) Grounding line positions at the end of the
perturbation period (30 years). (e)-(h) Grounding line positions at the end of the simulation (100 years). (a) and (e) show
observed mass loss simulations; (b) and (f) show basal melt perturbations; (c) and (g) show linear calving (Cl) perturbations;
and (d) and (h) show major calving (Cm) perturbations. Grounding lines in red show the initial grounding line for each
simulation. The 2020 observed grounding line (Picton et al., 2023) is shown in purple. Grounding lines are overlain on bed

:::
Bed

:
elevation from

:::::
shows BedMachine v3 (Morlighem et al., 2020)

:::
bed

::::::::::
topography,

:::
and

::::::::
adjusted

::::::::::
bathymetry

:::::
below

:::::::
floating

:::
ice,

::::
used

::::::
within

:::
our

:::::
model. The black line is the initial ice-front and white line is the domain boundary.
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During the perturbation period, the MP aolo and MDavison experiments show similar responses across all variables,235

except for V AF where the MP aolo experiment shows an increase and the MDavison experiment shows a decrease
(Fig. 6c). Negative basal melt rates (i.e. ice accretion) in the MP aolo experiment cause slight ice-shelf thickening
close to the Vanderford Glacier grounding line, compared to widespread ice-shelf thinning simulated in the MDavsion

experiment (Fig. S1
::
S2). Each experiment (Cobs, MP aolo, and MDavison) shows a pattern of change in V AF and ice

volume that is generally consistent across friction laws, with differences in the magnitude of the change. For example,240

the MP aolo experiment shows the largest range of V AF changes, from 2.8 - 7.6 Gt yr−1 between the friction laws.
Changes in GLflux are negligible for all experiments (Cobs, MP aolo, and MDavison), but there are small variations in
GLflux (i.e. on the order of 0.2 Gt yr−1) between the friction laws.

Following the perturbation period, all fields in the MP aolo experiment trend towards their initial state, irrespective
of the friction law. By the end of the simulation, V AF and ice volume remain elevated from their initial state due245

to thickening of grounded ice (Fig. S2
::
S3). The MDavison experiment with the Budd friction law shows continued

mass loss, while the Schoof and Weertman friction laws show a tendency for ice volume to trend towards its initial
state (Fig. 6c-d). The different response of the Budd friction law between MP aolo and MDavison is attributed to more
widespread thinning of ice upstream of the grounding line (Fig. S2

:::
S3). The Cobs experiment shows no increase in ice

volume due to the persistence of the final retreated ice-front compared to the initial location (Fig. 6d).250

Overall, the system shows a negligible response when perturbed with observed basal melt and calving events. There
is minor variability between friction laws, and most notable changes in V AF and ice volume result from disparities
in basal melt estimates, particularly close to the grounding line.

3.2 Basal melt perturbations

Over the perturbation period, all basal melt experiments yield an increase in GLflux, ice volume loss, and grounding255

line retreat (Fig. 5c
:
b and Fig. 7). Grounding line retreat into regions of deeper bed topography, where increased ice

velocities dominate over general thinning of upstream ice, leads to increased GLflux (Fig. 7a). Ice volume loss and
GLflux increase linearly with Md values > 50 m yr−1. All experiments show a decrease in V AF (Fig. 7g), consistent
with dynamic thinning of grounded ice upstream of the grounding line (Fig. S3a and FigS4

:::
S4a

::::
and

::::
Fig.

::
S5). For Md

values ≤ 50 m yr−1, our experiments suggest maximum grounding line retreat of 9.7 km, while Md values > 50 m260

yr−1 lead to grounding line retreat within the range of observed retreat (15.2 - 21.7 km).

Following the perturbation period, all experiments show grounding line re-advance, with the final grounding line
position close to the initial location (Fig. 5f; Fig. 7d). The V AF continues to reduce for a period of ~30 years,
consistent with continued thinning upstream of the grounding line (Fig. S3a

:::
S4a). Total ice volume increases from the

end of the perturbation period resulting from ice shelf thickening (Fig. S3d
:::
S4d). The GLflux reduces as a result of265

persistent thinning upstream of the grounding line which is not offset by sufficiently large and sustained magnitude
changes in velocity (Fig. S3a

:::
S4a

:
and Fig. S3g

:::
S4g).
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Figure 6. Results of observed mass loss perturbations. Relative change (compared to the Ctrl experiment for each friction
law) of (a) Grounding line flux, (b) Grounding line retreat along the central flowline shown in Fig. 2c.
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During the perturbation period, the pattern of system response is similar for all friction laws, but the magnitude
differs. The Weertman friction law generally yields the smallest change in GLflux. For Md values ≤ 50 m yr−1, the
Weertman friction law shows more extensive grounding line retreat than the other friction laws; however, for Md270

values > 50 m yr−1 the Budd friction law causes more extensive grounding line retreat. Ice volume at the end of the
perturbation period does not show a clear relationship with the choice of friction law, with each yielding a similar
response.

Following the perturbation period, the choice of friction law plays a key role in the rate and magnitude of ice volume
evolution (Fig. 7g and Fig. 7j). The Budd friction law consistently yields the smallest rate of ice volume increase275

due to higher magnitude dynamic thinning upstream of the grounding line following the perturbation period (Fig.
S3a

:::
S4a). The Weertman friction law consistently yields the highest rate of ice volume increase.

Overall, the system shows a similar pattern of response to all basal melt perturbations and all friction laws, with an
increased magnitude of response as Md increases. Values of Md > 50 m yr−1 are required to generate grounding
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line retreat close to the observed grounding line location which is much larger than current estimates of basal melt280

(Fig. 2
::
a-b).

3.3 Calving perturbations

Over the perturbation period, all calving experiments yield an increase in GLflux and ice volume loss, irrespective of
the calving mechanism (Cl or Cm). Changes in V AF are minimal, highlighting that mass loss predominantly occurs
from floating ice in both Cl and Cm experiments (Fig. 7h and Fig. 7j

:
i). Major calving (Cm) experiments show285

an instantaneous response in GLflux (Fig. 7c) and ice volume (Fig. 7l) to calving events which occur at 12.5-year
intervals (5, 17.5, and 30 years), while linear calving (Cl) experiments show a more gradual response (Fig. 7b and
Fig. 7k). The magnitude of GLflux increase is negligible and no grounding line retreat occurs for all experiments with
< 80 % IFR (i.e. Cl10-Cl70 and Cm10-Cm70; Fig. 5c-d and Fig. 7e-f). Notable grounding line retreat only occurs
towards the end of the perturbation period for the experiments with 100 % IFR (i.e. ice-shelf removal). The Cl290

experiments show slightly earlier onset and marginally larger magnitude grounding line retreat compared to the Cm

experiments (Fig. 7e-f).

Following the perturbation period, GLflux reduces, but remains elevated from its initial state for all experiments
with ≥ 80 % IFR, due to increased velocities and dynamic thinning upstream of the grounding line (Fig. S3b-c

:::::
S4b-c

and Fig. S3h-i
:::::
S4h-i). The Cl and Cm experiments with < 80 % IFR show negligible additional change in ice volume295

or V AF , while experiments with ≥ 80 % IFR show continued ice volume loss, consistent with the persistent increased
GLflux. Grounding line retreat continues for all experiments with ≥ 80 % IFR, with only minor retreat (< 1 km) for
Cl80 and Cm80, and a maximum retreat of ~9 km for the Cl100 and Cm100 experiments (Fig. 5g-h and Fig. 7e-f).

During the perturbation period, the pattern of the system response is similar for all friction laws, but the magnitude
differs. The Schoof friction law consistently yields the largest mass loss (Fig. 7k and Fig. 7j

::
k-l). The magnitude of300

grounding line retreat is similar between all experiments, with the Weertman friction law leading to greater retreat
for experiments with 90 % and 100 % IFR. For Cl and Cm experiments with ≥ 80 % IFR, the Schoof friction law
yields a greater GLflux.

Following the perturbation period, GLflux reduces, but remains elevated for all Budd friction law experiments and
Schoof and Weertman friction law experiments with ≥ 80 % IFR (Fig. 7b-c). The Budd friction law consistently305

yields the highest GLflux at the end of the simulation. The Weertman friction law generally yields the largest ice
volume at the end of the simulation period, while the Budd and Schoof friction laws generate more varied results
(Fig. 7k-j

::
k-l). Continued grounding line retreat is generally consistent between all experiments, with the Schoof

friction law generating marginally larger retreat for experiments with ≥ 80 % IFR (Fig. 5g-h and Fig. 7e-f).

The mechanism of calving (i.e. Cl or Cm) primarily affects the response of the system over the perturbation310

period, particularly changes in GLflux. We compare the absolute cumulative change in GLflux between Cl and Cm
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Figure 7. Results of basal melt and calving perturbations. Relative change (compared to the Ctrl experiment for each friction
law) of: (a-c) Grounding line flux, (d-f) Grounding line retreat along the central flowline shown in Fig. 2c
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experiments following large-scale calving events and at the end of the simulation period (i.e. at 5, 17.5, 30, and 100
years) to directly compare the influence of the calving mechanism on dynamic mass loss (Fig. 8). Figure 8 shows the
similarity of the absolute cumulative change in GLflux between Cl and Cm calving perturbations. After the initial
major calving event (5 years), the mean (i.e. across all experiments and friction laws) absolute cumulative change in315

GLflux from Cm experiments (0.14 ± 0.09 Gt yr−1) is several magnitudes larger than Cl experiments (3 × 10−5 ±
1 × 10−5), primarily due to negligible changes in GLflux for Cl experiments and larger magnitude instantaneous
changes for Cm experiments. At the next major caving event (17.5 years), the mean absolute cumulative change in
GLflux from Cm experiments (2.35 ± 1.65 Gt yr−1) is 14 % larger than from Cl experiments (2.06 ± 1.38 Gt yr−1).
Subsequently, at the next major calving event (30 years) Cl experiments yield a mean absolute cumulative change in320

GLflux (14.66 ± 18.97 Gt yr−1) that is 92 % larger compared to Cm experiments (7.64 ± 7.31 Gt yr−1). At the end
of the simulation period, the mean absolute cumulative change in GLflux from Cl experiments (119 ± 196 Gt yr−1)
is < 1 % larger than that from Cm experiments (118 ± 195 Gt yr−1).

Overall, while the calving mechanism (Cl or Cm) affects the instantaneous response of the system, there is a similar
response across Cl and Cm experiments over the 100 year simulation period. IFR of ≥ 80 % is required to generate325

any notable system response which is much larger than observed IFR (Fig. 2
:
c).

3.4 Hybrid experiments

Section 3.2 and Section 3.3 show that Md values > 50 m yr−1 are required to generate grounding line retreat close to
the observed position and calving processes yield negligible grounding line retreat until ≥ 80 % IFR occurs. Here, we
explore whether combined lower-magnitude basal melt and calving perturbations can generate a comparable system330

response. The addition of IFR to low magnitude basal melt processes has a negligible effect on GLflux or grounding
line position until ≥ 80 % IFR has occurred (Fig. 9), consistent with the effects shown in Sect. 3.3.

The relative change in GLflux due to IFR generally shows an inverse relationship with Md for experiments with ≥
80 % IFR (Fig. 9a-c). We attribute this to the relative increase in direct mass loss from the ice shelf decreasing with
Md, resulting in reduced buttressing forces. That is, ice shelf thickness is generally inversely related to Md such that335

less mass is removed over an equivalent area of calving as ice thickness decreases. For experiments with ≥ 80 % IFR,
the Schoof friction law generally results in the largest increase in GLflux, while the Budd friction law generally yields
the smallest (Fig. 9a-c). For example, for the hybrid experiment with Md = 50 m yr−1 and 100 % IFR, the Schoof
friction law results in a ~6 % greater influence (17 % increase in GLflux) compared to the Budd friction law (~11 %
increase in GLflux).340

The effect of including IFR on grounding line retreat shows no clear pattern, with the greatest retreat occurring for
different Md values across different friction laws. The Schoof friction law generally results in more consistent and
greater magnitude grounding line retreat across all experiments (Fig. 9d-f). However, none of the experiments yield
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Figure 8. Comparison of absolute cumulative relative change (compared to the Ctrl experiment for each friction law) in
grounding line flux between Cl and Cm experiments at select timesteps throughout the simulation period.

grounding line positions close to the observed position by the end of the perturbation period (see absolute values
shown in Fig. 9d-f).345

While the addition of IFR to basal melt perturbations generally results in increased GLflux and additional grounding
line retreat, the influence is insufficient to generate sufficient additional grounding line retreat required to match the
observed grounding line position. Thus, as in the standalone basal melt experiments, high basal melt rates at depth
(i.e. Md > 50 m yr−1) are required to simulate grounding line retreat similar to observed.

4 Discussion350

This study examines the sensitivity of Vanderford Glacier to sub-ice shelf basal melt and ice-front retreat (IFR).

:::::
When

::::::
forced

:::::
with

::::::::
current

::::::::::::
observational

:::::::::
estimates

:::
of

:::::::
calving

:::::
and

:::::
basal

:::::
melt,

::::
our

:::::::::::
simulations

:::
do

::::
not

:::::::::
generate

:::::::::
grounding

::::
line

::::::
retreat

:::::
close

:::
to

:::
the

:::::::::::
present-day

::::::::
location

::::
over

:::
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::::::::::::
perturbation

:::::::
period.

:::::
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:::::::
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:::::
that

:::::::::
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::
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::::::
sub-ice

:::::
shelf

:::::
basal

:::::
melt

:::::
rates

::::
from

::::::::
satellite

:::::::::
altimetry

::::::::::::::::::::::::::::::::::::
(Paolo et al., 2022; Davison et al., 2023)

::::
may

::::::::::::
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::::::::::::
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::::::
basal

:::::
melt,

:::::::::::
particularly

::::::
close

::
to

::::
the

::::::::::
grounding

::::
line.

:::
A

::::::::
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:::::
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:::
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::::
this

:::::::::::::::
underestimation

:::
is355
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Figure 9. Influence of IFR on GLflux and grounding line retreat when combined with basal melt. (a-c) Change in GLflux and
(d-f) Change in grounding line retreat. The colour scale and large font numbers display changes relative to the corresponding
basal melt perturbation for each friction law, as per the colour scale label. Values in parentheses show the absolute relative
change of each variable compared to the control experiment. For example, the Budd friction law experiment with Md = 40
m yr−1 and 100 % IFR shows that including IFR produces an 18.40 % increase in GLflux, compared to the M40 basal melt
perturbation, and the combined experiment yields a 8.14 Gt yr−1 increase in GLflux relative to the Budd control experiment.

:::
the

::::::::::
assumption

:::
of

::::::::::
hydrostatic

:::::::::::
equilibrium

::::
(i.e.

:::::
that

:::
ice

::
is

:::::
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::::::::
floating

::::::
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:::
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::::::
entire

:::
ice

::::::
shelf)

::
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::::::::
methods

:::
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:::::
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::::::
basal

::::
melt

:::::
from

:::::::::::::::::
satellite-altimetry.

:::
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:::::::
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::::
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::::::
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:::
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:::::::::
thickness
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:::::
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:::::::::
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:::
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:::::::
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::::::
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::::
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:::
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:::::
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::::
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:::::::
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:::
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::::
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::
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:::::
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::::::
strain

:::::
rates

:::
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:::::::::::
associated

::::::::
bridging

::::::::
stresses

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Wearing et al., 2021; Chartrand and Howat, 2020, 2023; Dow et al., 2024)

:
.
:::::::::::::::::::::::::::
Chartrand and Howat (2023)

:::::::::
investigate

:::::
the

:::::::
effects

:::
of

::::::::::::
uncertainties

:::
in

::::::::::
estimates

:::
of

:::::::::::
hydrostatic

::::::::::
thickness360

::
on

::::::
basal

:::::
mass

::::::::
balance

:::::::::
estimates

::::
for

:::::::::::
Antarctica,

:::::::
finding

::::
the

:::::::::::
Vincennes

::::
Bay

::
/
::::::::::::

Underwood
:::
ice

::::::::
shelves

:::::
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::::
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:::
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::::
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:::::::
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::::::::::::
uncertainties

:::
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:::::::::::
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::::::::::::::::
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:::::
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:::::
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::::::
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:::
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:::::
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::::::::::
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:::::::
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::::::::::::
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::::::
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uncertainties

:::
in

:::::
basal

::::::
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:::::::
balance

:::::::::
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:::::
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:::
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::::
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:::
m

:::
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::::::
yr−1)

::::::
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::::::::::
Vincennes

:::::
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::::::::::
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::::::
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:::
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:::::::
spatial

::::::::
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::
in
::::
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::::::
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:::::
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::::::
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:::
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::::
ice

:::::::
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::::::::::::::::::::::::::
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.
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::::::::::
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:::::
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:::
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:::::
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:::::
2a-b)

::::
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:::::::
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::::::
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:::
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19



::
m

:::::
yr−1.

:::::
This

::::::::
suggests

:::::
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::::::::::::
uncertainties

:::
in

::::::::::
hydrostatic

:::::::::
thickness

::::::
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:::::::
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:::::::
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:::::::::
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:::::::
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::::
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:::
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:::::
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::::
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::::
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:::::::::::::
high-resolution

:::::::::
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::
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:::::::
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:::::
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::::::
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:::::
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::::::::::
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:::::
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:::::::
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::::
the

::::::::
ongoing

::::
need

::::
for

::::::
direct

::::::::::::
observations

:::::
(e.g.,

:::::::::::
geophysical

:::
or

::::::::::::::
oceanographic)

:::
to

:::::
help

:::::::::
constrain

:::::::::::::::
remotely-sensed

::::::::::
estimates

::::::::::::::::::::::
(McCormack et al., 2024)

:
.
:

We show that basal melt rates > 50 m yr−1 at depth are required to generate grounding line retreat close to the375

present-day location over the perturbation period; approximately twice those of Paolo et al. (2022) and Davison et al.
(2023). Importantly, our simulations show that the observed grounding line retreat at Vanderford Glacier is unlikely
to result from calving, since grounding line retreat only occurs with ≥ 80 % IFR; much larger magnitude IFR than
has been observed. In the absence of basal melting at depth > 50 m yr−1, even when the entire ice-shelf is removed
(Cl100 and Cm100), the magnitude and rate of simulated grounding line retreat is not comparable to observations.380

For example, it takes more than 95 years for Cl100 experiments to generate a maximum grounding line retreat of ~9
km. It is possible that the observed grounding line retreat could be in response to a major calving event prior to
the satellite observational era; however, we believe this is unlikely due to the scale of event that would be required
to generate the observed retreat, the absence of other evidence conducive to previous ice-shelf collapse (e.g. rapid
changes in ice thickness and ice velocity), and the size of observed calving events in recent decades being of much385

smaller magnitude. Our results indicate that basal melting is the likely driver of recent grounding line retreat at
Vanderford Glacier.

When forced with current observational estimates of calving and basal melt, our simulations do not generate
grounding line retreat close to the present-day location over the perturbation period. This suggests that estimates
of sub-ice shelf basal melt rates from satellite altimetry (Paolo et al., 2022; Davison et al., 2023) may substantially390

underestimate basal melt, particularly close to the grounding line. A possible cause of this underestimation
is the assumption of hydrostatic equilibrium (i.e. that ice is freely floating across the entire ice shelf) in
methods to derive basal melt from satellite-altimetry. In regions with steep ice thickness gradients and at shear
margins, the validity of this assumption is challenged due to high strain rates and associated bridging stresses
(e.g. Wearing et al., 2021; Chartrand and Howat, 2020, 2023; Dow et al., 2024). Chartrand and Howat (2023)395

investigate the effects of uncertainties in estimates of hydrostatic thickness on basal mass balance estimates for
Antarctica, finding the Vincennes Bay / Underwood ice shelves have some of the largest uncertainties in hydrostatic
thickness-derived basal melt rates in East Antarctica. These hydrostatic thickness uncertainties result in large
uncertainties in basal mass balance estimates across Vincennes Bay, influenced largely by spatial changes in the
strain rate across the ice shelves. This highlights the need for improved estimates of basal melt across Vincennes Bay400

20



ice shelves, and the need for in situ measurements (e.g. geophysical or oceanographic) to constrain remotely-sensed
estimates.

The melt rate parameterisation used in this study is a highly simplified representation of basal melting. While it
captures the depth dependence of melt rates consistent with mCDW-driven melt, it neglects the role of subglacial
discharge and ocean dynamics which are known to impact melt rates in the neighbouring Totten Glacier ice shelf405

(Gwyther et al., 2023; Xia et al., 2023) and may also play an important role in Vincennes Bay ice shelves (Jacobs
et al., 1992; Silvano et al., 2016). Importantly, spatial and temporal variations in thermocline depth, which are known
to have implications on mode 2 melting (e.g. De Rydt et al., 2014; Dutrieux et al., 2014; Hoffman et al., 2019), are
not captured by this melt rate parameterisation. Here, we select a thermocline depth based on the depth at which
mCDW is predominantly found in Vincennes Bay (Ribeiro et al., 2021). Previous studies have shown a dynamic410

subglacial hydrology network beneath the Totten Glacier drainage basin (Dow et al., 2020), and ocean modelling of
Totten ice shelf cavity shows that subglacial freshwater discharge from this network can enhance basal melting by
over 3 % across the ice shelf, with localised increases of 25 % - 30 % in regions close to the grounding line (Gwyther
et al., 2023). Although Dow et al. (2020) does not include the whole Vincennes Bay hydrological catchment in their
analysis, there is evidence for an extensive subglacial hydrology system across the Aurora Subglacial Basin (Wright415

et al., 2012), potentially with strong connectivity between the Totten and Vanderford upstream catchments. Hence,
similar localised convective plumes resulting from buoyant discharge of freshwater that enhance basal melting in the
Totten Glacier ice shelf cavity may also play a strong role in basal melting in the Vanderford Glacier ice-shelf cavity.

More complex basal melt parameterisations (e.g. PICO/PICOP and the ISMIP-6 protocol; Reese et al., 2018; Pelle
et al., 2019; Jourdain et al., 2020) rely on temperature and salinity forcing from regional ocean model output. However,420

known disparities in offshore bathymetry in Vincennes Bay may limit the accuracy of regional ocean models here,
since they may not correctly represent local ocean conditions that may arise from bathymetric features. Specifically,
the presence of the deep marine trough mapped offshore the Vanderford Glacier (Commonwealth of Australia, 2022)
is absent in continental bathymetry estimates (e.g. BedMachine V3 ; Morlighem et al., 2020) commonly used within
ocean models. This bathymetric feature could have important implications on ocean dynamics, potentially providing425

a pathway for mCDW into the Vanderford Glacier ice shelf cavity. Thus, without this feature, ocean models may
underestimate basal melt in the Vanderford Glacier ice shelf cavity. Similarly, uncertainties in bed topography
upstream of the grounding line could have implications on our simulated grounding line retreat, with deeper bed
topography potentially resulting in more rapid or extensive grounding line retreat occurring with lower basal melt
rates. This highlights the need for improved bathymetric mapping across Vincennes Bay to support more reliable430

ocean modelling and basal melt rate estimates, as well as additional geophysical data acquisition over grounded ice
to improve bed topography estimates.

One of the consequences of the simplification in our melt parameterisation is a potentially spurious reconfiguration of
ice flow. That is, local changes in ice velocity across Vanderford Glacier ice shelf show a decrease in the strength of
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the western shear margin (Fig. S5
::
S6) indicative of ice-flow reconfiguration based on changes in the driving stress.435

While shear margin migration has been found to induce grounding line retreat and promote mass loss (Feldmann
et al., 2022; Lhermitte et al., 2020), observational records of ice velocity at Vanderford Glacier do not show this
migration. We attribute this to our simulated melt rates in the region to the west of Vanderford Glacier likely being
too high. We note that the ice-flow trends towards its original configuration once the basal melt perturbation is
removed and the ice shelf re-thickens.440

Joughin et al. (2021) show that simulated mass loss at Pine Island Glacier exhibits only minor sensitivity (<6
:
<

::
6
:
%)

to melt distribution and depends linearly on the total melt. We test whether this is also the case for Vincennes Bay
by running four additional experiments with constant melt rates of 10, 20, 30, and 40 m yr−1 across all floating ice.
We find that notable grounding line retreat towards the observed location requires constant melt rates of ≥ 30 m
yr−1 (Fig. S6

::
S7). However, for melt rates > 10 m yr−1, large portions of the ice-shelf are completely removed (Fig.445

S6
::
S7). This behaviour is not supported by observations, which may suggest that Vanderford Glacier grounding line

retreat is driven by elevated basal melt at depth, consistent with observed mCDW intrusions within Vincennes Bay
primarily located at 300 - 600 m deep (Ribeiro et al., 2021; Herraiz-Borreguero and Naveira Garabato, 2022).

Ocean modelling of future ice shelf basal melt around Antarctica shows that basal mass loss could increase between
33-83 % in the Australian sector of East Antarctica by the end of the century (Naughten et al., 2018), depending450

on the future climate forcing scenario. Increased future mass loss projections suggest that continued grounding line
retreat, from reduced buttressing forces, may be observed at Vanderford Glacier over coming decades, consistent
with findings from Sun et al. (2016). The current dominance of mCDW-driven melt may be reduced as Antarctica
Surface Water becomes more prevalent with a reduction in future sea ice cover (Naughten et al., 2018). In turn, this
could lead to mode 3- (i.e. surface-) dominated melting in the region in the future. Our experiments with a constant455

melt rate across the entire ice shelf suggest that a regime shift towards mode 3-dominated melt could increase mass
loss from Vanderford Glacier as large portions of the ice shelf are removed

::::
with

::::::::
elevated

:::::::
melting

::::::
across

:::::::
shallow

:::
ice

::::::
regions

:
(Fig. S6), and

:::
S7).

:::::
More

::::::::::
widespread

:::::
mass

::::
loss

:::::
from

:::
the

:::
ice

:::::
shelf,

:::::::
beyond

::::
the

::::::
region

::
of

:::::::
passive

:::
ice,

:
may lead

to
:::::::
reduced

:::::::::::
buttressing

:::::
forces

::::
and

:
accelerated grounding line retreatas buttressing forces are reduced.

Given the negligible effects of observed calving on simulated ice dynamics and grounding line position (i.e. experiment460

Cobs), it is likely that observed calving events have only removed passive ice (Fürst et al., 2016) from the Vincennes
Bay calving front. To confirm this, we compute the maximum buttressing field following Fürst et al. (2016) using the
initial velocities at the beginning of our experiments (Fig. 10). The observed calving extent (i.e. Greene et al., 2022)
does not extend beyond the 0.4 passive shelf-ice threshold (Fürst et al., 2016) for the Vanderford Glacier ice shelf. Our
calving perturbation experiments suggest IFR ≥ 80 % is required to initiate non-negligible changes in ice dynamics465

at Vanderford Glacier. This behaviour is generally consistent with findings from Mitcham et al. (2022) where an
equivalent of ~90 % IFR of the Larsen C ice-shelf is required to generate a ~50 % increase in the grounding line flux
in their idealised calving experiments. Along the main trunk of Vanderford Glacier where most ice discharge occurs,
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the extent of 80 % IFR is similar to the 0.8 instantaneous discharge threshold contour, as defined for Vanderford
Glacier by Fürst et al. (2016) (Fig. 10).470

Figure 10. Maximum buttressing field calculated from initial velocities at the beginning of each perturbation experiment
for each friction law (a) Budd, (b) Schoof, and (c) Weertman. Black lines display the extent of the observed ice-fronts from
Greene et al. (2022). Maximum buttressing values are truncated between 0 and 1.

Our simulations show that the Vanderford Glacier system
::::::::
generally

:
responds rapidly to calving events, and the

response
::::::
despite

::
a

:::::
more

:::::::
gradual

::::::::
response

::::
from

:::
Cl

:::::::::::
experiments

::::
and

:
a
:::::
more

:::::::
delayed

::::::::
response

::
in

::::::::::
grounding

:::
line

:::::::
retreat

::::::::
compared

:::
to

:::::
basal

:::::
melt

:::::::::::
experiments.

::::
The

:::::::
overall

::::::::
response

:
is generally independent of the process by which calving

occurs (i.e. edge-wasting or major calving events). This may in part be due to the simplified implementation of
calving used in our simulations. That is, we have used a level-set method to prescribe the location of the ice-front at475

each time-step (Sect. 2.3), which does not capture the influence of transient changes in stress and strain fields across
the ice-shelf that may be better represented in more physically based calving laws (e.g. eigencalving or von Mises
calving laws ; Wilner et al., 2023). Furthermore, we hold the ice-front at the final location (Fig. 4b) following the
perturbation period while in reality, additional re-advance of and calving from the ice-front would occur. As such,
our calving perturbations represent the worst-case impact of calving with a persistent retreated ice-front, such that480

the actual impacts of calving on grounding line retreat and mass loss are likely even smaller.

Our results show a varied response to different friction laws across the perturbation period and the whole simulation
run, as well as between different variables we assess. In general, the Weertman friction law yields the smallest change
in V AF across the simulation period, and the Budd friction law yields the largest changes. The magnitude and
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upstream extent of grounded ice thickness changes are largest for the Budd friction law (Fig. S4
::
S5). The behaviour485

of the Budd friction law is attributed to the relationship between basal shear stress, effective pressure, and sliding
velocities (Joughin et al., 2019; Brondex et al., 2017, 2019). That is, in the Budd friction law, the basal shear stress is
linearly proportional to the effective pressure such that as grounded ice thins, the effective pressure is lowered, basal
shear stress is reduced, and sliding increases (Carr et al., 2024). This is not the case in either the Weertman friction
law (where there is no explicit representation of basal water pressure) or the Schoof friction law (where effective490

pressure is controlled by cavitation) (Joughin et al., 2019).

Our finding of the Budd friction law yielding the largest changes in V AF is in agreement with previous studies for both
idealised experiments (Brondex et al., 2017) and on simulations of the Amundsen basin (Brondex et al., 2019). Despite
variability in the magnitude of the response between different friction laws, our simulations show a similar response
and trajectory throughout the simulation. This is similar to findings from Barnes and Gudmundsson (2022) who show495

general consistency across their simulations of the Amundsen Sea Embayment for up to a century, suggesting that
decadal- to centennial-scale simulations may be insensitive to the choice of friction law. We recognise that the choice of
sliding law parameters are also shown to have important implications at similar timescales (Brondex et al., 2017, 2019;
Barnes and Gudmundsson, 2022); however, assessing the sensitivity of the Vincennes Bay region to a full-suite of
basal friction representations is out of scope for this study. Importantly, the presence of an active subglacial hydrology500

across the Aurora Subglacial Basin (Wright et al., 2012) likely means that these simple parameterisations of basal
sliding will not represent the complex interactions at the ice-bed interface and that coupled subglacial hydrology and
ice sheet model simulations are required to better understand the influence of basal sliding on the evolution of the
Vincennes Bay region.

:::
Our

::::::
choice

:::
of

::::::
model

:::::::::::
initialisation

::::
and

:::::::
spin-up

:::
to

:::::::::::::
pseudo-steady

::::
state

::::::::
directly

::::::::
addresses

::::
the

:::::
study

:::::
aim,

::::
and

:::::::
ensures505

::::
that

:::
the

::::::
system

:::::::::
responds

::::
only

::
to

:::
the

:::::::::::::
instantaneous

:::::::::::
perturbation

:::::::
applied

::
to

::::
the

:::::::
different

::::::::
forcings

:::
and

::
is

:::
not

::::::::::
influenced

::
by

::::
any

:::::::
inertia

::
or

:::::::
trends

::::::
within

::::
the

:::::::
system.

:::::
This

:::::::::
approach

::::::
allows

:::
us

:::
to

::::::::
untangle

::::
the

:::::::
changes

:::
in

::::::::::
grounding

::::
line

::::
flux,

:::::::::
grounding

::::
line

::::::::::
migration,

:::::::
volume

::::::
above

::::::::::
floatation,

::::
and

:::
ice

:::::::
volume

:::::
that

:::::
arise

:::::
from

:::::
basal

:::::
melt

::::
and

::::::::
ice-front

::::::
retreat,

:::::::::::::
independently

::::
and

:::
in

:::::::::::
combination.

::::::::::::
Importantly,

::::
this

::::::::
approach

::::::
limits

::::
our

::::::
ability

::
to

:::::::::
comment

::
on

::::
the

:::::::
current

::::
state

:::
of

:::::::::::
Vanderford

:::::::
Glacier

::::
(i.e.

::::::::
whether

:::
or

::::
not

::
it
:::::

may
:::
be

:::::::::::
undergoing

::::::::::
irreversible

::::::::::
grounding

::::
line

::::::::
retreat).

::::
To510

:::::::::
accurately

::::::
assess

:::
the

:::::::
current

:::::
state,

:::
or

::
to

:::::::::
comment

:::
on

::::::::
potential

::::::
future

::::::::::
behaviours

::
at

:::::::::::
Vanderford

:::::::
Glacier,

::::::::::
additional

::::::::
modelling

:::::::::::
simulations

::::::
which

:::
use

::
a
:::::::::::
present-day

::::::
model

::::::::::::
initialisation

::::
(i.e.

::
to

::::::::::
accurately

::::::
match

::::::
recent

::::::
trends

:::
in

:::::
mass

:::
loss

::::
and

::::::
spatial

::::::::
patterns

::
of

:::
ice

:::::::::
thickness,

:::
ice

::::::::
velocity,

::::
and

:::::::::
grounding

::::
line

::::::::
position)

::::
are

:::::::::::::
recommended.

:::::::::::
Simulations

::
of

::::::::::
present-day

:::::::::
behaviour

:::::::
require

:::::::::
improved

::::::::::::
observations

::
of

:::::
basal

:::::
melt,

:::::::::::
particularly

:::::
close

:::
to

:::
the

::::::::::
grounding

::::
line,

::::
and

::
a

::::
more

::::::::
accurate

:::::::::::::
representation

:::
of

::::::::::
bathymetry

:::
in

:::::
ocean

:::::::
models

::::
used

:::
to

:::::::::::
parameterise

:::::::
sub-ice

:::::
shelf

:::::
basal

::::
melt

::
is

:::::::
needed515

::
to

:::::::
support

:::::::::::
simulations

::
of

::::::
future

::::::::::
behaviour.
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5 Conclusions

In this study, we explore the relative importance of basal melt and calving on grounding line retreat at Vanderford
Glacier, and assess whether current estimates of mass loss can explain observed grounding line retreat. We found
that basal melt rates > 50 m yr−1 at depth are required to generate grounding line retreat close to observations520

over the 25-year perturbation period. Although this may be an overestimation of actual basal melt rates required
to drive observed grounding line retreat (due to the simplified basal melt parameterisation used in this study), our
findings show that it is likely ocean-driven melt that is responsible for recent observed grounding line retreat, and
not calving. Simulations using observational datasets of basal melt and calving do not result in grounding line retreat
close to observations over the perturbation period, suggesting that satellite altimetry datasets may substantially525

underestimate melt at Vanderford Glacier. Our
::::::::
idealised calving experiments show that complete ice-shelf removal is

required to generate grounding line retreat similar to observed; however, ice-shelf collapse has not been observed at
Vanderford Glacier, indicating that calving is likely not responsible for observed grounding line retreat. By considering
multiple friction laws, we show that the system response is not very sensitive to the choice of friction law over the
25-year perturbation period, but the subsequent evolution of the system is more dependent on the choice of friction530

law, highlighting the need for coupled subglacial hydrology and ice sheet model simulations to better understand
changes at the ice-bed interface.

The findings of this study motivate further investigation into the use of satellite-derived basal melt rates (particularly
close to the grounding line where the assumption of hydrostatic equilibrium may be challenged) to quantify mass loss
and understand the relative importance of different mass loss drivers around Antarctica. Our study highlights the535

need for in situ measurements of basal melt to help constrain remotely-sensed datasets, particularly for small dynamic
systems such as Vanderford Glacier. Changes at Vanderford Glacier are known to have broader implications across the
Aurora Subglacial Basin due to the close relationship between Totten and Vanderford Glaciers’ flow configurations.
Therefore, our improved understanding of processes driving recent change at Vanderford Glacier promotes further
consideration of potential large-scale changes across the Aurora Subglacial Basin in the coming decades to centuries.540

Code and data availability. All of the datasets used in this study are publicly available. We use version 4.22 (Revision 27903)
of the open-source ISSM software which is freely available at https://issm.jpl.nasa.gov/download/. Datasets used to initialise
the model are available via the corresponding articles cited in this paper. Namely, ice geometries and bed topography from
BedMachine V3 (Morlighem et al., 2020, https://nsidc.org/data/nsidc-0756/versions/3), surface velocities from MEaSUREs
v2 (Rignot et al., 2017, https://nsidc.org/data/nsidc-0484/versions/2), mean annual basal melt rates from Paolo et al. (2022)545
(http://its-live-data.s3.amazonaws.com/height_change/Antarctica/Floating/ANT_G1920V01_IceShelfMelt.nc) and Davison
et al. (2023) (https://zenodo.org/records/8052519). Observed grounding line positions from Picton et al. (2023) are available from
the ENVEO cryoportal (cryoportal.enveo.at), entitled "GLL, Vincennes Bay, Antarctica, 1996-2020". Observed ice-front positions
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from Greene et al. (2022) are available from https://github.com/chadagreene/ice-shelf-geometry. Processed model output
timeseries and associated scripts to recreate figures included in this paper are available at https://doi.org/10.26180/26170102.550

Author contributions. LB conceived and led the study, conducted the ice sheet modelling and analysis, and prepared the
manuscript. FSM and JB provided guidance on the ice sheet modelling methodology and analysis. All authors contributed to
discussions and provided comments on the manuscript.

Competing interests. FSM is a member of the editorial board of The Cryosphere. All other authors declare that they have no
competing interests.555

Disclaimer. Publisher’s note: Copernicus Publications remains neutral with regard to jurisdictional claims made in the text,
published maps, institutional affiliations, or any other geographical representation in this paper.

Acknowledgements. We thank Jason Roberts for insightful discussions throughout this study, and Allison Chartrand for
insightful discussion which helped to improve the manuscript.

Financial support. This research has been supported by the Australian Research Council (ARC) Special Research Initiative560
(SRI) Securing Antarctica’s Environmental Future (SR200100005). FSM and RJ were supported by ARC Discovery Early
Career Research awards DE210101433 and DE210101923, respectively. LB was supported by the Monash Graduate Scholarship
(MGS) and Monash International Tuition Scholarship (MITS). This research was undertaken with the assistance of resources
from the National Computational Infrastructure (NCI Australia), an NCRIS enabled capability supported by the Australian
Government.565

26

https://github.com/chadagreene/ice-shelf-geometry
https://doi.org/10.26180/26170102


References

Barnes, J. M. and Gudmundsson, G. H.: The Predictive Power of Ice Sheet Models and the Regional Sensitivity of Ice Loss to
Basal Sliding Parameterisations: A Case Study of Pine Island and Thwaites Glaciers, West Antarctica, The Cryosphere, 16,
4291–4304, https://doi.org/10.5194/tc-16-4291-2022, 2022.

Bondzio, J. H., Seroussi, H., Morlighem, M., Kleiner, T., Rückamp, M., Humbert, A., and Larour, E. Y.: Modelling Calving570
Front Dynamics Using a Level-Set Method: Application to Jakobshavn Isbræ, West Greenland, The Cryosphere, 10, 497–510,
https://doi.org/10.5194/tc-10-497-2016, 2016.

Brondex, J., Gagliardini, O., Gillet-Chaulet, F., and Durand, G.: Sensitivity of Grounding Line Dynamics to the Choice of the
Friction Law, Journal of Glaciology, 63, 854–866, https://doi.org/10.1017/jog.2017.51, 2017.

Brondex, J., Gillet-Chaulet, F., and Gagliardini, O.: Sensitivity of Centennial Mass Loss Projections of the Amundsen Basin575
to the Friction Law, The Cryosphere, 13, 177–195, https://doi.org/10.5194/tc-13-177-2019, 2019.

Budd, W. F., Keage, P. L., and Blundy, N. A.: Empirical Studies of Ice Sliding, Journal of Glaciology, 23, 157–170,
https://doi.org/10.3189/S0022143000029804, 1979.

Carr, J. R., Hill, E. A., and Gudmundsson, G. H.: Sensitivity to Forecast Surface Mass Balance Outweighs Sensitivity to
Basal Sliding Descriptions for 21st Century Mass Loss from Three Major Greenland Outlet Glaciers, The Cryosphere, 18,580
2719–2737, https://doi.org/10.5194/tc-18-2719-2024, 2024.

Chartrand, A. M. and Howat, I. M.: Basal Channel Evolution on the Getz Ice Shelf, West Antarctica, Journal of Geophysical
Research: Earth Surface, 125, e2019JF005 293, https://doi.org/10.1029/2019JF005293, 2020.

Chartrand, A. M. and Howat, I. M.: A Comparison of Contemporaneous Airborne Altimetry and Ice-Thickness Measurements
of Antarctic Ice Shelves, Journal of Glaciology, pp. 1–14, https://doi.org/10.1017/jog.2023.49, 2023.585

Commonwealth of Australia: RSV Nuyina Voyage 2 2021-22 Voyage Data, Southern Ocean, Antarctica, Ver. 1,
https://doi.org/10.26179/ZZ6J-E834, 2022.

Davison, B. J., Hogg, A. E., Gourmelen, N., Jakob, L., Wuite, J., Nagler, T., Greene, C. A., Andreasen, J., and
Engdahl, M. E.: Annual Mass Budget of Antarctic Ice Shelves from 1997 to 2021, Science Advances, 9, eadi0186,
https://doi.org/10.1126/sciadv.adi0186, 2023.590

De Rydt, J., Holland, P. R., Dutrieux, P., and Jenkins, A.: Geometric and Oceanographic Controls on Melting beneath Pine
Island Glacier, Journal of Geophysical Research: Oceans, 119, 2420–2438, https://doi.org/10.1002/2013JC009513, 2014.

Dow, C. F., McCormack, F. S., Young, D. A., Greenbaum, J. S., Roberts, J. L., and Blankenship, D. D.: Totten Glacier
Subglacial Hydrology Determined from Geophysics and Modeling, Earth and Planetary Science Letters, 531, 115 961,
https://doi.org/10.1016/j.epsl.2019.115961, 2020.595

Dow, C. F., Mueller, D., Wray, P., Friedrichs, D., Forrest, A. L., McInerney, J. B., Greenbaum, J., Blankenship, D. D., Lee,
C. K., and Lee, W. S.: The Complex Basal Morphology and Ice Dynamics of the Nansen Ice Shelf, East Antarctica, The
Cryosphere, 18, 1105–1123, https://doi.org/10.5194/tc-18-1105-2024, 2024.

Dutrieux, P., De Rydt, J., Jenkins, A., Holland, P. R., Ha, H. K., Lee, S. H., Steig, E. J., Ding, Q., Abrahamsen, E. P.,
and Schröder, M.: Strong Sensitivity of Pine Island Ice-Shelf Melting to Climatic Variability, Science, 343, 174–178,600
https://doi.org/10.1126/science.1244341, 2014.

27

https://doi.org/10.5194/tc-16-4291-2022
https://doi.org/10.5194/tc-10-497-2016
https://doi.org/10.1017/jog.2017.51
https://doi.org/10.5194/tc-13-177-2019
https://doi.org/10.3189/S0022143000029804
https://doi.org/10.5194/tc-18-2719-2024
https://doi.org/10.1029/2019JF005293
https://doi.org/10.1017/jog.2023.49
https://doi.org/10.26179/ZZ6J-E834
https://doi.org/10.1126/sciadv.adi0186
https://doi.org/10.1002/2013JC009513
https://doi.org/10.1016/j.epsl.2019.115961
https://doi.org/10.5194/tc-18-1105-2024
https://doi.org/10.1126/science.1244341


Feldmann, J., Reese, R., Winkelmann, R., and Levermann, A.: Shear-Margin Melting Causes Stronger Transient Ice Discharge
than Ice-Stream Melting in Idealized Simulations, The Cryosphere, 16, 1927–1940, https://doi.org/10.5194/tc-16-1927-2022,
2022.

Fürst, J. J., Durand, G., Gillet-Chaulet, F., Tavard, L., Rankl, M., Braun, M., and Gagliardini, O.: The Safety Band of605
Antarctic Ice Shelves, Nature Climate Change, 6, 479–482, https://doi.org/10.1038/nclimate2912, 2016.

Glen, J. W.: Rate of Flow of Polycrystalline Ice, Nature, 172, 721–722, https://doi.org/10.1038/172721a0, 1953.
Greene, C. A., Gardner, A. S., Schlegel, N.-J., and Fraser, A. D.: Antarctic Calving Loss Rivals Ice-Shelf Thinning, Nature,

609, 948–953, https://doi.org/10.1038/s41586-022-05037-w, 2022.
Gwyther, D. E., Dow, C. F., Jendersie, S., Gourmelen, N., and Galton-Fenzi, B. K.: Subglacial Freshwater Drainage610

Increases Simulated Basal Melt of the Totten Ice Shelf, Geophysical Research Letters, 50, e2023GL103 765,
https://doi.org/10.1029/2023GL103765, 2023.

Hansen, P. C.: The L-curve and Its Use in the Numerical Treatment of Inverse Problems, in: Computational Inverse Problems
in Electrocardiology, edited by Johnston, P., pp. 119–142, WIT Press, Southampton, 2000.

Herraiz-Borreguero, L. and Naveira Garabato, A. C.: Poleward Shift of Circumpolar Deep Water Threatens the East Antarctic615
Ice Sheet, Nature Climate Change, 12, 728–734, https://doi.org/10.1038/s41558-022-01424-3, 2022.

Hoffman, M. J., Asay-Davis, X., Price, S. F., Fyke, J., and Perego, M.: Effect of Subshelf Melt Variability on Sea Level
Rise Contribution From Thwaites Glacier, Antarctica, Journal of Geophysical Research: Earth Surface, 124, 2798–2822,
https://doi.org/10.1029/2019JF005155, 2019.

Jacobs, S. S., Helmer, H. H., Doake, C. S. M., Jenkins, A., and Frolich, R. M.: Melting of Ice Shelves and the Mass Balance of620
Antarctica, Journal of Glaciology, 38, 375–387, https://doi.org/10.3189/S0022143000002252, 1992.

Joughin, I., Smith, B. E., and Schoof, C. G.: Regularized Coulomb Friction Laws for Ice Sheet Sliding: Application to Pine
Island Glacier, Antarctica, Geophysical Research Letters, 46, 4764–4771, https://doi.org/10.1029/2019GL082526, 2019.

Joughin, I., Shapero, D., Dutrieux, P., and Smith, B.: Ocean-Induced Melt Volume Directly Paces Ice Loss from Pine Island
Glacier, Science Advances, 7, eabi5738, https://doi.org/10.1126/sciadv.abi5738, 2021.625

Jourdain, N. C., Asay-Davis, X., Hattermann, T., Straneo, F., Seroussi, H., Little, C. M., and Nowicki, S.: A Proto-
col for Calculating Basal Melt Rates in the ISMIP6 Antarctic Ice Sheet Projections, The Cryosphere, 14, 3111–3134,
https://doi.org/10.5194/tc-14-3111-2020, 2020.

Larour, E., Seroussi, H., Morlighem, M., and Rignot, E.: Continental Scale, High Order, High Spatial Resolution, Ice Sheet
Modeling Using the Ice Sheet System Model (ISSM), Journal of Geophysical Research: Earth Surface, 117, F01 022,630
https://doi.org/10.1029/2011JF002140, 2012.

Lhermitte, S., Sun, S., Shuman, C., Wouters, B., Pattyn, F., Wuite, J., Berthier, E., and Nagler, T.: Damage Accelerates
Ice Shelf Instability and Mass Loss in Amundsen Sea Embayment, Proceedings of the National Academy of Sciences, 117,
24 735–24 741, https://doi.org/10.1073/pnas.1912890117, 2020.

Li, R., Cheng, Y., Chang, T., Gwyther, D. E., Forbes, M., An, L., Xia, M., Yuan, X., Qiao, G., Tong, X., and Ye, W.:635
Satellite Record Reveals 1960s Acceleration of Totten Ice Shelf in East Antarctica, Nature Communications, 14, 4061,
https://doi.org/10.1038/s41467-023-39588-x, 2023a.

28

https://doi.org/10.5194/tc-16-1927-2022
https://doi.org/10.1038/nclimate2912
https://doi.org/10.1038/172721a0
https://doi.org/10.1038/s41586-022-05037-w
https://doi.org/10.1029/2023GL103765
https://doi.org/10.1038/s41558-022-01424-3
https://doi.org/10.1029/2019JF005155
https://doi.org/10.3189/S0022143000002252
https://doi.org/10.1029/2019GL082526
https://doi.org/10.1126/sciadv.abi5738
https://doi.org/10.5194/tc-14-3111-2020
https://doi.org/10.1029/2011JF002140
https://doi.org/10.1073/pnas.1912890117
https://doi.org/10.1038/s41467-023-39588-x


Li, T., Dawson, G. J., Chuter, S. J., and Bamber, J. L.: Grounding Line Retreat and Tide-Modulated Ocean Channels at Moscow
University and Totten Glacier Ice Shelves, East Antarctica, The Cryosphere, 17, 1003–1022, https://doi.org/10.5194/tc-17-
1003-2023, 2023b.640

MacAyeal, D. R.: Large-Scale Ice Flow over a Viscous Basal Sediment: Theory and Application to Ice Stream B, Antarctica,
Journal of Geophysical Research: Solid Earth, 94, 4071–4087, https://doi.org/10.1029/JB094iB04p04071, 1989.

McCormack, F. S., Roberts, J. L., Kulessa, B., Aitken, A., Dow, C. F., Bird, L., Galton-Fenzi, B. K., Hochmuth, K., Jones,
R. S., Mackintosh, A. N., and McArthur, K.: Assessing the Potential for Ice Flow Piracy between the Totten and Vanderford
Glaciers, East Antarctica, The Cryosphere, 17, 4549–4569, https://doi.org/10.5194/tc-17-4549-2023, 2023.645

McCormack, F. S., Cook, S., Goldberg, D. N., Nakayama, Y., Seroussi, H., Nias, I., An, L., Slater, D., and Hattermann, T.:
The Case for a Framework for UnderStanding Ice-Ocean iNteractions (FUSION) in the Antarctic-Southern Ocean System,
Elementa: Science of the Anthropocene, 12, 00 036, https://doi.org/10.1525/elementa.2024.00036, 2024.

Mitcham, T., Gudmundsson, G. H., and Bamber, J. L.: The Instantaneous Impact of Calving and Thinning on the Larsen C
Ice Shelf, The Cryosphere, 16, 883–901, https://doi.org/10.5194/tc-16-883-2022, 2022.650

Morlighem, M., Seroussi, H., Larour, E., and Rignot, E.: Inversion of Basal Friction in Antarctica Using Exact and
Incomplete Adjoints of a Higher-Order Model, Journal of Geophysical Research: Earth Surface, 118, 1746–1753,
https://doi.org/10.1002/jgrf.20125, 2013.

Morlighem, M., Rignot, E., Binder, T., Blankenship, D., Drews, R., Eagles, G., Eisen, O., Ferraccioli, F., Forsberg, R., Fretwell,
P., Goel, V., Greenbaum, J. S., Gudmundsson, H., Guo, J., Helm, V., Hofstede, C., Howat, I., Humbert, A., Jokat, W.,655
Karlsson, N. B., Lee, W. S., Matsuoka, K., Millan, R., Mouginot, J., Paden, J., Pattyn, F., Roberts, J., Rosier, S., Ruppel,
A., Seroussi, H., Smith, E. C., Steinhage, D., Sun, B., van den Broeke, M. R., van Ommen, T. D., van Wessem, M., and
Young, D. A.: Deep Glacial Troughs and Stabilizing Ridges Unveiled beneath the Margins of the Antarctic Ice Sheet, Nature
Geoscience, 13, 132–137, https://doi.org/10.1038/s41561-019-0510-8, 2020.

Mouginot, J., Scheuchl, B., and Rignot, E.: MEaSUREs Antarctic Boundaries for IPY 2007-2009 from Satellite Radar,660
Version 2, Boulder, Colorado USA. NASA National Snow and Ice Data Center Distributed Active Archive Center.,
https://doi.org/10.5067/AXE4121732AD, 2017.

Naughten, K. A., Meissner, K. J., Galton-Fenzi, B. K., England, M. H., Timmermann, R., and Hellmer, H. H.: Future Projections
of Antarctic Ice Shelf Melting Based on CMIP5 Scenarios, Journal of Climate, 31, 5243–5261, https://doi.org/10.1175/JCLI-
D-17-0854.1, 2018.665

Paolo, F. S., Gardner, A., Greene, C. A., and Schlegel, N.: MEaSUREs ITS_LIVE Antarctic Ice Shelf Height Change and
Basal Melt Rates, Version 1, https://doi.org/10.5067/SE3XH9RXQWAM, 2022.

Pelle, T., Morlighem, M., and Bondzio, J. H.: Brief Communication: PICOP, a New Ocean Melt Parameterization under Ice
Shelves Combining PICO and a Plume Model, The Cryosphere, 13, 1043–1049, https://doi.org/10.5194/tc-13-1043-2019,
2019.670

Picton, H. J., Stokes, C. R., Jamieson, S. S. R., Floricioiu, D., and Krieger, L.: Extensive and Anomalous Grounding
Line Retreat at Vanderford Glacier, Vincennes Bay, Wilkes Land, East Antarctica, The Cryosphere, 17, 3593–3616,
https://doi.org/10.5194/tc-17-3593-2023, 2023.

Reese, R., Albrecht, T., Mengel, M., Asay-Davis, X., and Winkelmann, R.: Antarctic Sub-Shelf Melt Rates via PICO, The
Cryosphere, 12, 1969–1985, https://doi.org/10.5194/tc-12-1969-2018, 2018.675

29

https://doi.org/10.5194/tc-17-1003-2023
https://doi.org/10.5194/tc-17-1003-2023
https://doi.org/10.5194/tc-17-1003-2023
https://doi.org/10.1029/JB094iB04p04071
https://doi.org/10.5194/tc-17-4549-2023
https://doi.org/10.1525/elementa.2024.00036
https://doi.org/10.5194/tc-16-883-2022
https://doi.org/10.1002/jgrf.20125
https://doi.org/10.1038/s41561-019-0510-8
https://doi.org/10.5067/AXE4121732AD
https://doi.org/10.1175/JCLI-D-17-0854.1
https://doi.org/10.1175/JCLI-D-17-0854.1
https://doi.org/10.1175/JCLI-D-17-0854.1
https://doi.org/10.5067/SE3XH9RXQWAM
https://doi.org/10.5194/tc-13-1043-2019
https://doi.org/10.5194/tc-17-3593-2023
https://doi.org/10.5194/tc-12-1969-2018


Ribeiro, N., Herraiz-Borreguero, L., Rintoul, S. R., McMahon, C. R., Hindell, M., Harcourt, R., and Williams, G.: Warm
Modified Circumpolar Deep Water Intrusions Drive Ice Shelf Melt and Inhibit Dense Shelf Water Formation in Vincennes Bay,
East Antarctica, Journal of Geophysical Research: Oceans, 126, e2020JC016 998, https://doi.org/10.1029/2020JC016998,
2021.

Rignot, E., Mouginot, J., and Scheuchl, B.: MEaSUREs InSAR-Based Antarctica Ice Velocity Map, Version680
2, Boulder, Colorado USA. NASA National Snow and Ice Data Center Distributed Active Archive Center.,
https://doi.org/10.5067/D7GK8F5J8M8R, 2017.

Schoof, C.: The Effect of Cavitation on Glacier Sliding, Proceedings: Mathematical, Physical and Engineering Sciences, 461,
609–627, 2005.

Schoof, C.: Ice Sheet Grounding Line Dynamics: Steady States, Stability, and Hysteresis, Journal of Geophysical Research:685
Earth Surface, 112, F03S28, https://doi.org/10.1029/2006JF000664, 2007.

Seroussi, H. and Morlighem, M.: Representation of Basal Melting at the Grounding Line in Ice Flow Models, The Cryosphere,
12, 3085–3096, https://doi.org/10.5194/tc-12-3085-2018, 2018.

Seroussi, H., Morlighem, M., Larour, E., Rignot, E., and Khazendar, A.: Hydrostatic Grounding Line Parameterization in Ice
Sheet Models, The Cryosphere, 8, 2075–2087, https://doi.org/10.5194/tc-8-2075-2014, 2014.690

Shean, D. E., Joughin, I. R., Dutrieux, P., Smith, B. E., and Berthier, E.: Ice Shelf Basal Melt Rates from a High-
Resolution Digital Elevation Model (DEM) Record for Pine Island Glacier, Antarctica, The Cryosphere, 13, 2633–2656,
https://doi.org/10.5194/tc-13-2633-2019, 2019.

Silvano, A., Rintoul, S., and Herraiz-Borreguero, L.: Ocean-Ice Shelf Interaction in East Antarctica, Oceanography, 29, 130–143,
https://doi.org/10.5670/oceanog.2016.105, 2016.695

Silvano, A., Rintoul, S. R., Peña-Molino, B., and Williams, G. D.: Distribution of Water Masses and Meltwater on the
Continental Shelf near the Totten and Moscow University Ice Shelves, Journal of Geophysical Research: Oceans, 122,
2050–2068, https://doi.org/10.1002/2016JC012115, 2017.

Silvano, A., Rintoul, S. R., Peña-Molino, B., Hobbs, W. R., van Wijk, E., Aoki, S., Tamura, T., and Williams, G. D.: Freshening
by Glacial Meltwater Enhances Melting of Ice Shelves and Reduces Formation of Antarctic Bottom Water, Science Advances,700
4, eaap9467, https://doi.org/10.1126/sciadv.aap9467, 2018.

Stokes, C. R., Abram, N. J., Bentley, M. J., Edwards, T. L., England, M. H., Foppert, A., Jamieson, S. S. R., Jones,
R. S., King, M. A., Lenaerts, J. T. M., Medley, B., Miles, B. W. J., Paxman, G. J. G., Ritz, C., van de Flierdt, T., and
Whitehouse, P. L.: Response of the East Antarctic Ice Sheet to Past and Future Climate Change, Nature, 608, 275–286,
https://doi.org/10.1038/s41586-022-04946-0, 2022.705

Sun, S., Cornford, S. L., Gwyther, D. E., Gladstone, R. M., Galton-Fenzi, B. K., Zhao, L., and Moore, J. C.: Impact of Ocean Forc-
ing on the Aurora Basin in the 21st and 22nd Centuries, Annals of Glaciology, 57, 79–86, https://doi.org/10.1017/aog.2016.27,
2016.

van Wessem, J. M., van de Berg, W. J., Noël, B. P. Y., van Meijgaard, E., Amory, C., Birnbaum, G., Jakobs, C. L., Krüger, K.,
Lenaerts, J. T. M., Lhermitte, S., Ligtenberg, S. R. M., Medley, B., Reijmer, C. H., van Tricht, K., Trusel, L. D., van Ulft,710
L. H., Wouters, B., Wuite, J., and van den Broeke, M. R.: Modelling the Climate and Surface Mass Balance of Polar Ice Sheets
Using RACMO2 – Part 2: Antarctica (1979–2016), The Cryosphere, 12, 1479–1498, https://doi.org/10.5194/tc-12-1479-2018,
2018.

30

https://doi.org/10.1029/2020JC016998
https://doi.org/10.5067/D7GK8F5J8M8R
https://doi.org/10.1029/2006JF000664
https://doi.org/10.5194/tc-12-3085-2018
https://doi.org/10.5194/tc-8-2075-2014
https://doi.org/10.5194/tc-13-2633-2019
https://doi.org/10.5670/oceanog.2016.105
https://doi.org/10.1002/2016JC012115
https://doi.org/10.1126/sciadv.aap9467
https://doi.org/10.1038/s41586-022-04946-0
https://doi.org/10.1017/aog.2016.27
https://doi.org/10.5194/tc-12-1479-2018


Wearing, M. G., Stevens, L. A., Dutrieux, P., and Kingslake, J.: Ice-Shelf Basal Melt Channels Stabilized by Secondary Flow,
Geophysical Research Letters, 48, e2021GL094 872, https://doi.org/10.1029/2021GL094872, 2021.715

Weertman, J.: Stability of the Junction of an Ice Sheet and an Ice Shelf, Journal of Glaciology, 13, 3–11,
https://doi.org/10.3189/S0022143000023327, 1974.

Wilner, J. A., Morlighem, M., and Cheng, G.: Evaluation of Four Calving Laws for Antarctic Ice Shelves, The Cryosphere, 17,
4889–4901, https://doi.org/10.5194/tc-17-4889-2023, 2023.

Wright, A. P., Young, D. A., Roberts, J. L., Schroeder, D. M., Bamber, J. L., Dowdeswell, J. A., Young, N. W., Le Brocq,720
A. M., Warner, R. C., Payne, A. J., Blankenship, D. D., van Ommen, T. D., and Siegert, M. J.: Evidence of a Hydrological
Connection between the Ice Divide and Ice Sheet Margin in the Aurora Subglacial Basin, East Antarctica, Journal of
Geophysical Research, 117, F01 033, https://doi.org/10.1029/2011JF002066, 2012.

Xia, Y., Gwyther, D. E., Galton-Fenzi, B., Cougnon, E. A., Fraser, A. D., and Moore, J. C.: Eddy and Tidal Driven Basal Melting
of the Totten and Moscow University Ice Shelves, Frontiers in Marine Science, 10, https://doi.org/10.3389/fmars.2023.1159353,725
2023.

Zinck, A.-S. P., Wouters, B., Lambert, E., and Lhermitte, S.: Unveiling Spatial Variability within the Dotson Melt Channel
through High-Resolution Basal Melt Rates from the Reference Elevation Model of Antarctica, The Cryosphere, 17, 3785–3801,
https://doi.org/10.5194/tc-17-3785-2023, 2023.

31

https://doi.org/10.1029/2021GL094872
https://doi.org/10.3189/S0022143000023327
https://doi.org/10.5194/tc-17-4889-2023
https://doi.org/10.1029/2011JF002066
https://doi.org/10.3389/fmars.2023.1159353
https://doi.org/10.5194/tc-17-3785-2023

	Introduction
	Data and methods
	Ice sheet model setup
	Ice sheet model initialisation
	Perturbation experiments

	Results
	Observed mass loss perturbations
	Basal melt perturbations
	Calving perturbations
	Hybrid experiments

	Discussion
	Conclusions
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	References

