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Sustained ocean cooling insufficient to
reverse sea level rise from Antarctica
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Global mean sea level has risen at an accelerating rate in the last decade and will continue to rise for
centuries. The Amundsen Sea Embayment inWest Antarctica is a critical region for present and future
ice loss, however most studies consider only a worst-case future for the region. Here we use ice sheet
model sensitivity experiments to investigate the centennial scale implications of short-term periods of
enhanced ocean driven sub-ice shelf melting on ice loss and assesswhat future reduction inmelting is
necessary to mitigate ice stream retreat and offset global sea level rise. Our findings reveal that
restoring elevated melt rates to present-day levels within 100 years causes rates of ice discharge to
immediately decline, thereby limiting the overall sea level contribution from the region. However, while
ice stream re-advance and slowed ice discharge is possible with reduced basal melting, a centennial
scale increase in accumulation must occur to offset the extensive ice loss.

In just the last threedecades, theAntarctic ice sheet has contributed7.4mmto
global sea level rise1. While the future of the ice sheet remains uncertain2, the
rateof ice loss fromthecontinent is increasing3.As theatmosphere andoceans
continue to warm due to rising global emissions, the ice sheet edges closer to
an unknown critical threshold for future unstable retreat4,5. Worst-case ice
sheet futures areoftenprojected5, but in spite of presentwarming trends, there
remains an opportunity to actively mitigate future climate change1 and pre-
vent future ice sheet runaway retreat6. Plausible scenarios exist where the rate
ofAntarctic sea-level contribution canbe slowed through reduced emissions6,
targeted geoengineering7 or as a result of climate variability8. Here we inves-
tigate future scenarios whereby Antarctica ice loss could be limited.

The Amundsen Sea Embayment (ASE, Fig. 1a, b) in West Antarctica
dominates ice mass loss from the Antarctic continent3. In this sector, ice
discharge into the ocean is accelerating due to reductions in resistive stresses
caused by ocean-driven ice shelf melting9,10. The region is in a state of
disequilibrium, as increasing ice discharge across grounding lines and
associated high ice shelf melt rates are not matched by mass gain through
accumulation11.Accelerated ice loss from theASE is projected in response to
local subsurface ocean warming as a result of increasing anthropogenic
emissions12. Continual increases in ASE sub-ice shelf melt rates could
initiate unstable retreat and collapse of the sector13, as early as 230014. As a
climate-sensitive tipping point, this sector provides a regional case study for
exploring the conditions required to prevent runaway ice sheet retreat14,15.

Increasing ice discharge in the ASE is driven by high sub-ice shelf melt
rates, which occur when warm circumpolar deep water (CDW) floods the

continental shelf and accesses ice shelf cavities11. While CDW is blocked
from much of the Antarctic continent due to a deepened thermocline and
shallow bathymetry, the warm water infiltrates the continental shelf when
the thermocline shoals above the depth of troughs that intersect the
shelf16–18. These deep bathymetric troughs provide channels that subse-
quently deliver CDW toward grounding lines, driving high melt rates17,19,20.
Observations and modelling show that the onshore transport of CDW is
increasing in response to the strengthening of westerly winds16, although
decadal oscillations in far-field temperature21–23 and changes to the strength
and position of local synoptic systems24–26 introduce variability to the trend.
While the future climatology of the ASE is uncertain, it is widely accepted
that future changes in the volume of CDWwithin ASE ice shelf cavities will
dictate future mass loss12,27,28.

Given observed trends of mass change in the ASE, ice sheet modelling
studies often focus on the upper-end of projected mass loss29–31, and worst-
case scenarios receive much attention5,32. However, cool ocean conditions
and reduced sub-ice shelf melt rates could occur if CDWwere to be blocked
from ice self cavities, limiting the direct forcing of the ice sheet. Climato-
logically driven variability in the thermocline depth over decadal
timescales33 causesmulti-year periods of cool ocean conditions that coincide
with stagnated ice sheet retreat8. Specifically, a negative southern annular
mode (SAM) and La Niña conditions cause reduced CDW upwelling into
the region, which promotes ice stream deceleration8. While direct obser-
vations over the last 30 years show only multi-year cool periods, a shift or
reversal in the climatological regime to a persistent negative SAM could
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restore ocean conditions to a cooler state16, although current warming
trends and modelled projections give no indication of such an event
occurring over coming centuries12. Cooler ocean conditions could alter-
natively be promoted through the physical blocking of CDWby an artificial
submarine wall34. Such a geoengineering solution could cool and freshen
watermasses interactingwith the twomajorASE glaciers35.While plausible,
the effects of future cool-ocean periods on ice sheet mass loss from the ASE
are rarely considered.

Here, ice sheet model sensitivity experiments are used to explore
the impacts of multi-decadal periods of idealised ocean forcing on mass
loss in the ASE and explore the conditions required to reverse mass loss
trends and re-advance grounding lines. Simulations are initially forced
with increases in sub-ice shelf melt rates over prescribed durations to
explore the centennial scale impacts of multi-decadal periods of
increased climate forcing. These simulations are then extended to
include reduced melt rates following varied periods of retreat, which
replicate local ocean cooling that could hypothetically occur from
climate variability21, cooling from aggressive climate change mitigation
strategies, or CDW blocking through local geoengineering35. The
purpose of these experiments is to better understand how ASE ice
streams respond to varied periods of increased melting and to explore

whether reduced melting can offset or prevent the unstable retreat of
the ASE and re-advance grounding lines.

Results
We present an ensemble of 200-year-long ice sheet model simulations
(Fig. 2a, b) forced with perturbed sub-ice shelf (henceforth basal) melting
(Fig. 1c, d). The 120 observationally consistent simulations selected for
further analysis are comprised of 6 groups of 20 (Fig. 1d). For the initial 20
validated simulations, basalmelt rates are increased over different durations
and then returned to present-day levels to demonstrate the committed ice
sheet contribution to periods of perturbed melt rates (Fig. 1c, d). For the 5
additional groups, we explore mitigated ice loss scenarios whereby a con-
stant negative melt rate anomaly between 1 and 5m y−1 is applied to
represent cooler ocean conditions following the fixed periods of increased
melting (Fig. 1e, f). The simulation codes relate to the duration of forcing
(YR in years), themagnitude of themaximum forcing (M inm y−1) and the
magnitude of reduction (R in m y−1) where R0 simulations are reduced to
present-day basal melt rates. We compare simulations with a control of
constant present-day forcing over 200 years.

The simulations are presented as the ‘restored’ and ‘reduced’ melt
simulations, where the former sees basal melt rates restored to the present

Fig. 1 | Amundsen Sea Embayment domain
and ensemble of prescribed melt rate anoma-
lies. a Amundsen Sea Embayment surface
velocity47 overlain on MODIS satellite imagery
of the region created using the Antarctic Map-
ping Tools MATLAB package53. b Amundsen
Sea Embayment bed elevation40 with labelled
and outlined ice stream basins47. c–fDescription
of ice sheet model simulation melt rate forcings
for the unfiltered ensemble. c Time-varying sub-
ice shelfmelt rate anomalies for the restoredmelt
simulations (R0). The 30 melt anomaly forcings
are varied for 5 fixed time periods to 6 different
magnitudes before being reduced to the present
day. d Example of the YR20–M15–R0 forcing
where themelt rate anomaly is linearly increased
to 15 m y−1 over 20 years before being reduced to
zero (R0). eEnsemble 180 time-varyingmelt rate
anomalies, which include reduced melt rates
relative to the present day. The R-value describes
the magnitude of anomaly reduction ranging
from zero to five. The R* label accounts for all
reduction (R) values. f Example of the
YR80–M20–R4 simulation forcing. Dotted lines
are used to emphasise the YR, M and R numbers
in the simulation codes.
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day (R0; Fig. 1c), the latter reduced further (R1–5; Fig. 1e).Where used, ‘R*’
describes all R values (e.g. R0–5).

Restored melt simulations
The R0 simulations capture the future centennial scale response of the ASE
ice streams to multi-decadal climate forcing periods (Fig. 2c). The sea level
equivalent (SLE) contribution from ice streamdischarge therefore describes
the committed mass loss from fixed periods of increased basal melt
anomalies.After 100years, theASEmass loss range is equivalent to 44 to 130
mm of global sea level equivalent (Fig. 2d), which lies within the range of
projections from existing studies2,36,37. In all simulations, the mass loss
increases for the following 100 years despite the reduction in melt rates to
present-day, resulting in an end-of-simulation mass loss range of
82–165mm SLE (Fig. 2d).

For each simulation, once the melt rate is reduced to present-day
values, the rate of mass loss declines to below the control simulation
(Fig. 2c). The simulations with the greatest cumulative total melting
experience the lowest ongoing rate of mass loss (Fig. 2c), indicating that
high-end simulations aremost sensitive to reducedbasalmelting. Removing
the melting anomaly and reducing melting to present-day causes an
immediate reduction in the rates of mass loss, reiterating the direct sensi-
tivity of mass change and ice sheet discharge to basal melt rates.

After 100 years, there is a widespread in the grounding line positions
across the group of simulations (Fig. 3a–c). The 14,494 km2 difference in the
area of retreat between the lowest and highest forced simulations is dictated
by differences in the cumulative, total melt over the period. Retreat remains
minimal for the low-end simulation at Pine Island Glacier and Pope Smith
andKohlerGlaciers,whilst up to 45 kmof retreat occurs in the eastern trunk
of Thwaites Glacier (Fig. 3a).

During the second century, the range in the grounded area reduces as
grounding lines dynamically migrate toward similar topographically

controlled positions in the absence of additional melting (Fig. 3c). For
simulations with the greatest total melt, the grounding line of Pine Island
Glacier advances 1839 km2 over the second century along the main trunk.
Similarly, the Pope Smith and Kohler glaciers experience re-grounding and
advance of 640 km2 (Fig. 3c, d). The end of simulation grounding line
positions for Thwaites Glacier remains retreated. Over the second century,
the high-end simulations experienced minimal change in grounding line
position, with some retreat balanced by the advance of Pine Island, Pope
Smith and Kohler Glaciers. In contrast, simulations with lower melting
experience continued dynamic retreat in the absence of additional melting.

The relationship between the end of simulation cumulative melt and
SLEvaries for each drainage basin due to differences in ice streamdynamics.
The dependence of grounded area change on melt for Pine Island, Pope,
Smith and Kohler Glaciers are the same. However, the behaviour of mass
change for the twobasins differs.AlthoughPope SmithandKohler show the
greatest range in cumulativemelt across the subset of simulations due to the
differences in ice shelf areaextent, the drainage basinhas the lowest SLE.The
minimum SLE contribution over 200 years from Pope Smith and Kohler
Glaciers is 10mm compared with 30mm fromPine IslandGlacier (Fig. 3f),
where the latter has a larger total ice volume. In contrast, Thwaites Glacier
shows the greatest extent ofmass loss, reaching 70mmSLEby the endof the
simulation despite experiencing lower cumulative melt. Both the sensitivity
to melting and the committed mass loss differ for each basin due to their
differences in geometry and initial state.

Reduced melt simulations
To quantify the reduction in melt rates required for ice stream re-advance
and mitigated future mass loss, we consider a range of melt rate reductions
below present-day. Reductions in themelt rate anomaly lead to the advance
of ice stream grounding lines (Fig. 4b) and lower total mass loss over 200
years from the ASE in all simulations relative to the restored melt

Fig. 2 | Time evolving mass loss for restored
melt simulations. a Projected 200-year sea level
equivalent (SLE) for all unfiltered 30
R0 simulations and the control. The black line
and shading within the inset box show the
observations of Antarctic mass loss as a sea level
equivalent from gravity recovery and climate
experiment (GRACE)Antarctica data from2007
to 2022. b Enlarged inset from a with the
addition of an equation describing the observa-
tional trend. c Rate of sea level contribution for
the R0 subgroup and control simulation. The
dotted vertical line marks the model year 100.
d Projected 200-year sea level equivalent from a
subset of the R0 simulations that are consistent
with observations and the control simulation.
The grey region shows the range of SLE for all
subgroup members in the model year equivalent
to 2100. The dotted vertical line marks the
simulation year 100. Boxes show the 2100 SLE
ranges using SSP1–26 and SSP5–85 from exist-
ing studies: this study Alev23, Ser202, Edw2137

and Lev2036. The subset of simulations that are
consistent with observations have bold label
names in the legend.
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simulations (R0; Fig. 4a). Greater reduction inmelt rates are associated with
a higher number of simulations with lower SLE than the control by the year
200 (Fig. 4a).Amelt reduction of 2m y−2 belowpresent-day (R2) is required
to prevent any ongoingmass loss for the YR100–M30 high-end simulation,
reducing the rate of SLE contribution to approximately 0mm y−1 (Fig. 4e).

Further, reducingmelt rates from 0 to 5m y−1 below present-day lowers the
upper-end SLE contribution by 60mm, from 165 to 105mm (Fig. 4a).

The ice loss response of theASE tomelt reductiondepends on the prior
melting history. This can be seen from the distribution of simulations in
each R group, where the increased R value represents a reduction in the

Fig. 3 | Grounded area and sea level equivalent
snapshots. a, bMap of grounding line positions
for each simulation in the restored melt subset
(R0) plotted at different time snapshots a Year
100, b Year 200. Each line represents a different
simulation in the subset which is colour-coded
with respect to the forcings in Fig. 1a. The
background of the map shows the thickness
change for the snapshot year in the high-end
simulation (YR100–M30) relative to the control.
c, d Scatter plot of change in the grounded area
(GA) for each drainage basin for the snapshot
year plotted against the respective cumulative
sub-ice shelf melt for the same year. Here,
negative GA values describe retreat. Each point
represents the values for a different simulation in
the subset. Panels show years c 100 d 200. Bar
plots to the right of each panel show the range
between the lowest and highest change in
grounded area for each ice stream within the
subset of simulations for the particular snapshot
year. Coloured dotted lines show basin change in
GA for the high-end simulation in the year 100
for both (c) and (d). Arrows in d show the
direction of change of the low and high ends of
the variable between years 100 and 200. e, f Same
as c, d but for sea level equivalent contribution.
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constant basal melt by an additional 1 m y−1 (Fig. 4a). Each 1m y−1

reduction in basal melt anomalies leads to a 7–14mm reduction in the
ensemble maximum SLE. In contrast, there is a minimum committed SLE
contribution (Fig. 4a), demonstrated by an asymptotic decrease in the
ensembleminimumSLE. Therefore, while the upper end ofmass loss can be
continuously reduced, there is a limit to which the lower end of SLE can be
reduced.

Reduced melt rates promote the re-advance of ASE grounding lines
as shown by the positive change in the grounded area (Fig. 4b). As the
melt rates are continually reduced, the change in grounded area for all
simulations reduces as the grounding lines advance toward their initial

positions (Fig. 4i–n). The spread in simulations within each subset of R
groups decreases from 83mm for R0 to 63mm for R5 (Fig. 4a), where the
melt anomaly reduction causes grounding line positions to converge,
which counters the effect of the differences in increased melt anomaly
(Fig. 4i–n). Unlike the SLE, the R3–R5 reductions result in grounding
line positions further downstream than the control due to re-advance
(Fig. 4a, b).

Discussion
Short-term increases in sub-ice shelf melt rates have long-term impacts on
future sea level rise. In these experiments, limiting ocean-driven enhanced

Fig. 4 | Whole ensemble grounded area change and mass loss. a Box plots of the
year 200 sea level equivalent for each R group of simulations, the dotted line is the
control. Blue arrows illustrate the trend in upper and lower bounds, as discussed in
the text. Box plots incorporate all 180 simulations, including those filtered from the
ensemble, in order to have a normal distribution. b Box plots of year 200 grounded
area change (where negative values describe retreat) for each R group of simulations,

dotted line is the control. c–h Sea level equivalent contribution time series for each
simulation where each subplot shows each group of reduced melt (R0–R5).
i–nGrounding line position in the year 200 for each simulation within each group of
melt rate reductions (R). Each panel represents a different reduction group. The
background colour for each panel depicts the end of simulation thickness change for
the highest forced simulation (YR100–M30–R*) in each group.
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melting to 20 years compared with 60 years results in a 24mm lower global
sea level contribution over two centuries. This is consistent with DeConto
et al.6, who found that delays in the reduction of melt rates over Antarctica
have a long-term influence on sea level6. The duration of the forcing period
alone is not sufficient to explain the total ice mass loss from simulations in
the ensemble. Instead, the end of simulation mass loss is dependent on the
total melt over the simulation, which is the combined effect of the duration
andmagnitude of increasedmelt rates. Short-termperiods of large increases
in melting can therefore have the same long-term sea level effect as longer
periods of small increases in melting.

Restoring basal melting to present-day after <100 years of enhanced
melting results in an immediate reduction in the rate of mass loss from the
ASE (Fig. 2d). The reduced melt rates promote re-advance of Pine Island,
Haynes, Pope, Smith and Kohler Glacier grounding lines and pauses the
further retreat of Thwaites Glacier in the high-end simulations (Fig. 3). The
immediate reduction in the rate of ice discharge and resulting sea level
contribution is indicative that the ice streams reach a point of transient
stability as rates of grounding line retreat are slowed4, which is consistent
with thefindingsofHill et al.15 whoperturbedmelt ratesoverafixed20years
period and found restored thickness and advance. That being said, while
rates ofmass loss can be reduced, and the upper end of sea level contribution
lowered, rates of mass loss remain positive, and therefore the region con-
tinues to contribute to sea level rise (Fig. 2d). Instead, reduced melt rates
below present-day are required to offset the increased mass loss that occurs
in response to periods of enhanced melting.

The mitigated future change scenarios show that total mass loss from
the ASE can be limited through reduced melt rates. Reducing present-day
melt rates by 1m y−1 lowers the upper and lower end of SLE by 14–20mm,
respectively (Fig. 4a). Lowered melt rates lessen the ice shelf thinning rates
and promote dynamic thickening leading to increased buttressing9,10. In this
scenario, reduced melt rates lead to ice stream deceleration which reduces
ice discharge (Supplementary Figs. 1 and 2). Local thickening through
deceleration results in grounding line re-advance which increases the
volume of ice above floatation and therefore reduces the overall sea level
contribution. For all simulationswithmelt rates lowered belowpresent-day,
the rate of ongoing mass loss is lower than the control of constant
present-day.

Substantially reducing melt rates below present-day for over a century
does result in the re-advance of ice stream grounding lines but fails to offset
the total ice loss during this time. Reducing melt rates by 5m y−1 following
retreat promotes grounding line advance to the near present-day but with a
total mass deficit equivalent to 42 to 105mm of sea level rise over 200 years
(Fig. 4a). Total ice mass loss and grounding line position are therefore
independent. While dynamic thickening occurs around the grounding line
to drive the advance, this again does not offset the widespread thinning that
occurs over the entire catchment during the 200-year simulations (Fig. 3),
which would leave the region more susceptible to future climate-forced
retreat. In these simulations, the constant prescribed snow accumulation
over grounded ice offsets∼0.7 mm y−1 of SLE, which is accounted for in the
SLE contribution. Therefore a 60% increase in accumulation over grounded
ice for a minimum of 176 years is required to entirely offset sea level con-
tribution from the low-end simulation with amelt rate reduction of 5m y−1

(YR20–M5–R0, Supplementary Fig. 3). Although grounding line re-
advance in these scenarios is encouraging, grounding line position should
not be used as the sole indicator of ice stream health.

The majority of mass loss and retreat occurs in the Thwaites Glacier
Basin,whichhas a complex response to the forcing (Fig. 3d, f). The large, fast
flowing38, ice streamexperiences the greatest committedmass loss of 40mm
in response to constant present-day melting. Thwaites Glacier also shows
the greatest sensitivity to melting. Although the present geometry of the ice
shelf provides limited buttressing resistance to upstream ice39, our simula-
tions instead show a high sensitivity to increased melting. This can be
explained by the increases in buttressing as a result of the evolving geometry
of the ice shelf (Supplementary Figs. 4 and 5). In response to reduced melt

rates, the rate of ice discharge immediately slows and continued grounding
line retreat is limited. During the second century, in the absence of addi-
tional melting, the low cumulative forced simulations experience continued
retreat leading to a clustering of the end of simulation grounding lines
around two topographic ridges40,41, indicative ofmarine ice sheet instability4.
Although the second-century retreat is slowed in high forced simulations
(Fig. 3a, b), that is not to say ongoing unstable retreat has not been triggered
during this period.

In the reduced melt, the rate of ongoing mass loss is dependent on
the prior melting history. Simulations with the greatest cumulative for-
cing during the initial forcing period result in the lowest ongoing rate of
mass loss, which is seen as mass gain in some scenarios. These high melt
simulations respond to melt by accelerating and retreating, which
coincides with a lowering of surface slope around the grounding line
(Supplementary Figs. 1 and 2). As the melt rates are reduced, the
simulations with the highest perturbed velocities result in a greater rate of
dynamic thickening of the ice shelves (Supplementary Figs. 1 and 2). This
process provides increased buttressing of ice streams in addition to
lowered driving force and reduced ongoing ice discharge due to the
flattened surface slope. The greater the reduction in melting, the more
amplified this effect becomes (Supplementary Figs. 1 and 2). This effect is
most notable for Pine Island, Pope Smith and Kohler Glaciers and
therefore dominates the overall mass trend (Supplementary Fig. 6).
Reduced melting therefore has the greatest impact on upper-end pro-
jections and results in the largest mass loss mitigation effect.

In this research, we investigate the ocean conditions required to limit
mass loss from the Amundsen Sea Embayment ice streams. We find that
short periods of high increases in sub-ice shelf melting have comparable sea
level rise outcomes to long periods of low increases. As total melt dictates
total mass loss from the region, minimising ocean-driven melting through
reduced emissions or geoengineering is essential for preventing serious
future sea level rise. Reduced melt rates below present-day can significantly
limit ongoing retreat and promote the re-advance of grounding lines within
two centuries. Reducing melt rates by up to 5m y−1 below present levels
promotes ice stream re-advance to present-day positions, despite extensive
prior retreat, but inland thickening from substantially increased accumu-
lationwill also benecessary to reverseAntarctica’s contribution to future sea
level rise.

Methods
Ice sheet model
The BISICLES ice sheet model is used to perform the described
simulations42. The ice sheet model solves one-layer longitudinal stress bal-
ance approximation in two dimensions (L1L2)43. The model has adaptive
mesh refinement capabilities, which are employed throughout this inves-
tigation. Here, there are 4 levels of refinement, from 4 km coarsest to
0.25 km finest resolution. The mesh evolves through time with the finest
mesh level closest to the grounding line. For more detail refer to Cornford
et al.42,44. Grounding lines are explicitly determined at the transition between
grounded and floating grid cells, here, no additional grounding line scheme
is required due to the fine horizontal resolution of the grid.

Model configuration
Simulations are performed for a regional ASE domain with topography and
thickness derived from BedMachine version 140. The surface mass balance
field (SMB) from Arthern et al.45 is held constant in order to focus on the
ocean-forced response of the region. A three-dimensional internal ice
temperature field produced by Pattyn et al.46 is applied, which does not
evolve through time. Basal traction and ice viscosity coefficients are deter-
mined through an inverse procedure so that the initial modelled velocities
are consistent with observations for 2013–201644,47. We use the Weertman
sliding law with a coefficient ofm ¼ 1

3
48. We apply a fixed calving front and

impose aminimum ice thickness of 10m.Melt rates are appliedonly to fully
floating grid cells.
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Drainage basins
We present the results by grouping ice streams according to their drainage
basin. The Pine Island and Thwaites Glacier basins remain separate, and
their boundaries are shown in Fig. 1b. The Pope, Smith andKohlerGlaciers
(PSK) basin described in this study ismade up of the three small ice streams
that feed into the Dotson and Crosson ice shelves, their boundaries are
shown in Fig. 1b. Haynes Glacier as an individual drainage basin is not
considered.

Ensemble description
We perform a 181-member ensemble consisting of 180 regional ASE
(Fig. 1a, b) ice sheet model simulations forced with perturbed sub-ice
shelf basal melting and a control simulation with constant present-day
basal melting44,49 (Fig. 1c, d). The 180 forced simulations are comprised of
6 groups of 30. Each group of 30 simulations is forced with increased
melt rate anomalies over 5 fixed durations from 20 to 100 years, which
are each increased linearly to 6 different magnitudes ranging from
5–30m y−1.

For the initial 30 simulations, basal melt rates are returned to present-
day values upon removal of the anomaly (R0) (Fig. 1c, d). In this group, the
high and low-end simulations are YR100–M30 and YR20–M5, respec-
tively, where 30 (or 5) indicates the basal melt rate after 100 (or 20) years.
For the 5 additional groups, a constant negative melt rate anomaly is
applied (Fig. 1e, f). Themagnitude of the negative anomaly ranges between
0 and 5m y−1 for each of the 6 groups.

Sub-ice shelf melting
An initial steady-state basal melt rate field produced by Cornford et al.44 is
applied to replicate present-day melt rates over the ASE. This product was
tuned to reproduceobserved ice shelf thinning rateswhen accounting for ice
flux divergence49. It has been further smoothed and scaled with the highest
melt rates concentrated at the grounding line, which decreases toward the
ice front (see ref. 49 for more detail). The melt field is updated at every time
step to extend concentrated melting to newly un-grounded ice where the
grounding line retreats. In all forced simulations, anomalies are added to this
background field. Anomalies are scaled according to observed patterns of
basal melting, where the highest melting is concentrated at the grounding
line29,49,50. Anomalies remain concentrated at the grounding line as it
migrates.

To explore the effects of local ocean cooling, we apply melt rate
reduction anomalies of up to 5m y−1. Sub-ice shelf melt rates are shown to
depend quadratically on far-field mid-depth temperatures33. In the
Amundsen Sea Embayment, the sensitivity of basal melt to thermal driving
(the temperature above the local freezing point), for a baseline present-day
temperature of 1.65 °C, varies from 10 to 19m y−1 °C−1 33. According to
Naughten et al.16, mid-depth ocean temperature variability over the his-
torical period (20th century) varied by up to 0.4 °C, equating to 4–7.6m y−1

of natural melt rate variability beneath ice shelves. Subsequently, melt rate
reductions up to 5m y−1 applied here lie within the range of observed
variability in the region. The samemelt rate reduction valueshave been used
to determine sub-ice shelf melt forcing in other ice sheet modelling
studies15,51.

Ensemble filtering
The 180-member ensemble is filtered to remove simulations where the rate
of mass loss is inconsistent with the present-day trend over 2007–2022,
based on GRACE satellite-derived observational data of Antarctic mass
loss52 (Fig. 2a, b). During comparison, we assume a present-daymodel state
representative of 2007 and therefore compare model years 0–15 with
observations. Antarctic mass loss between 2007 and 2022 is extracted and
converted to global sea level equivalent assuming an ocean density of
1027 kgm−3, an ice density of 917 kgm−3 and a global ocean area of
3.618 × 108 km2. The de-trended standard deviation of the observational
data is used to provide a two-standard deviation uncertainty interval over
the time series. Simulations with a trend of sea level equivalent consistent

with observations over the corresponding years are identified and selected
for further investigation.
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