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Ocean-driven melting of floating ice-shelves in the Amundsen Seais
currently the main process controlling Antarctica’s contribution to sea-level
rise. Using aregional ocean model, we present a comprehensive suite of

future projections of ice-shelf melting in the Amundsen Sea. We find that
rapid ocean warming, at approximately triple the historical rate, is likely
committed over the twenty-first century, with widespreadincreasesin
ice-shelf melting, including in regions crucial for ice-sheet stability. When
internal climate variability is considered, there is no significant difference
between mid-range emissions scenarios and the most ambitious targets of
the Paris Agreement. These results suggest that mitigation of greenhouse
gases now has limited power to prevent ocean warming that could lead to
the collapse of the West Antarctic Ice Sheet.

The West Antarctic Ice Sheet (WAIS) is losing mass and is Antarctica’s
largest contributor to sea-level rise'. This ice loss is driven by interac-
tions with the Southern Ocean?, particularly the Amundsen Searegion
of the continental shelf seas (Fig. 1). Enhanced basal melting of ice
shelves, the floating extensions of the ice sheet, has reduced their but-
tressing and caused upstream glaciers to accelerate their flow towards
the ocean’. Continued trends in ice-shelf melting have the potential to
causeirreversible retreat of the WAIS glaciers*, which together contain
enoughice to raise global mean sea-level by 5.3 m (ref. 5).

Previous modelling® found that the Amundsen Sea probably warmed
inresponsetoatmospheric changes over the twentieth century, providing
aviableexplanation for WAIS massloss. Observations cannot be used to
detectsuchalong-termoceanwarmingtrendinthis region, as data collec-
tion only beganin1994’, and the warming trend exhibits strong decadal
variability®. Regardless of the existence or magnitude of historical trends,
ifthe Amundsen Sea experiences further warming over the twenty-first
century, the outlook for the WAIS will only become more grave.

Ithasbeenhypothesized that Amundsen Seawarming will respond
to future climate change and may be amenable to mitigation by reduc-
ing greenhouse gas emissions®”'°. However, this hypothesis has not
been adequately tested. Existing future projections of ice-shelf basal
melting are generally notreliablein the Amundsen Sea, aregion which
is frequently biased cold or poorly resolved in the underlying ocean

models""2, Reference ** produced the first future projections using a
regional model of the Amundsen Sea, which simulated an increase in
basal melting. However, this study only considered a single forcing
scenario, the worst-case scenario of extreme fossil fuel use, and did
notaccount for internal climate variability.

To enable policymakers and global communities to appropri-
ately respond to sea-level rise, it is necessary to analyse not just the
worst-case scenario for fossil fuel use, butalso the best-case scenario,
as well as scenarios in between. A thorough investigation of scenario
dependence will begin to address highly policy-relevant questions:
How much sea-level rise from the WAIS is now unavoidable and must
be adapted to? How much ice loss does the international community
still have control over, by reducing greenhouse gas emissions? How
long doesit take before the different scenarios diverge and the results
of chosen climate policies become clear? Finally, to what degree will
future sea-level rise be determined by the pathway of internal climate
variability versus anthropogenic forcing?

Approach

Here we present a suite of future projections simulated by a regional
ocean model ofthe AmundsenSea, including seaice andice-shelf cavi-
ties (Methods and Extended Data Fig.1). This configuration of the Mas-
sachusetts Institute of Technology general circulation model (MITgcm)
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Ocean warming and ice-shelf melting trends in the Paris 2 °C scenario
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Fig.1|Map of ensemble mean trends in ocean temperature and ice-shelf
basal melting in the Paris 2 °Cscenario. Temperature is averaged over the
depth range 200-700 m. Trends are calculated at each point using annually
averaged fields from 2006-2100. White regions indicate no significant trend. The

Amundsen Sea region visualized here (latitude-longitude projection) is outlined
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inred in the inset map of Antarctica (polar stereographic projection). The black
dashed line shows the 1,750 m depth contour of the continental shelf break and
the blue dashed line outlines the continental shelf region used for analysis. Labels
denoteice shelves (G, Getz; D, Dotson; Cr, Crosson; T, Thwaites; P, Pine Island; Co,

Cosgrove; A, Abbot).

ice-ocean model, forced by atmospheric output from the Community
Earth System Model (CESM1) climate model, has been previously pub-
lished and validated for present-day and twentieth-century simula-
tions®. It is not coupled to an ice-sheet model, meaning the ice-shelf
geometry does not change over time, although the model does simulate
ice-shelfbasal melting and the associated heat and freshwater fluxes.
The atmosphericforcingis bias corrected following ref. 6. New to this
studyisabias-correction method for CESM1ocean fields onthe openlat-
eral boundaries of MITgem (Methods, and Extended Data Figs. 2 and 3).
This approach allows the ocean boundary conditions to evolve over
time, considering the effects of remote changes in water massesin a
manner consistent with the atmospheric forcing.

We simulate five core scenarios, one historical and four future, fol-
lowing CESMI1 climate change experiments* . The historical scenario
(1920-2005) follows observed external forcing, both anthropogenic
and natural. The Paris 1.5 °Cand Paris 2 °C scenarios (2006-2100) sta-
bilize global mean temperature change at the given thresholds relative
topre-industrial conditions, following the goals of the Paris Agreement.
Finally, the RCP 4.5 (2006-2080) and RCP 8.5 (2006-2100) scenarios
follow Representative Concentration Pathways for future anthropo-
genicforcing, assuming medium and high fossil fuel use, respectively.
Itshould be noted that limiting the global temperature rise to 1.5 °Ciis
now considered unlikely given current levels of warming'; conversely,
the RCP 8.5scenariois considered unrealistically extreme given avail-
ablefossil fuel reserves™. This suite of four scenarios therefore robustly
bounds, onbothends, all likely future pathways of climate mitigation.

Two additional scenarios with climatological ocean boundary
conditions (Historical Fixed BCs, RCP 8.5 Fixed BCs) allow us to quantify
theimpact of remote water mass changes. Ensembles of 5-10 members,
eachwithadifferentrealization of internal climate variability in CESM1,
arerunfor eachscenario (Extended Data Table 1). The use of ensembles
is particularly important for the Amundsen Sea, where Pacific modes
of variability have a strong influence and have probably contributed
to historical trends®*.

Scenario dependence of warming
All scenarios exhibit significant and widespread future warming of
the Amundsen Sea and increased melting of its ice shelves. The spatial

distribution of trends is shownin Fig. 1for the Paris 2 °C scenario. Here
we analyse mid-depth temperature (200-700 m mean), the water which
directly affects the ice-shelf cavities (Extended Data Fig. 1). Indeed,
trends in mid-depth temperature significantly correlate with trends
inice-shelf basal mass loss (Extended Data Table 2). In reality, basal
mass loss will also depend on other factors we cannot account for in
our simulations, such as changes inice-shelf geometry.

Thetrendsin eachscenarioare compared using aboxplotinFig. 2.
Future warming and melting are markedly stronger than historical
trends, with ensemble mean future warming trends ranging from 0.8 to
1.4 °Cper century (Extended Data Table 1) compared with the historical
mean of 0.25 °C per century. Even under the most ambitious mitigation
scenario, Paris 1.5 °C, the Amundsen Sea warms three times faster than
inthe twentieth century. Comparison with the Fixed BCs simulations
shows that local atmospheric changes are the main driver of Amund-
sen Sea warming, with remote ocean forcing playing a non-negligible
secondaryrole (Supplementary Discussion1and Extended DataFig.4).

We also find a relatively large ensemble spread: future warming
trends canvary by afactor of two depending on the phasing of internal
climate variability. Nonetheless, the individual warming trends are
significant for every ensemble member of every future scenario. By
comparing the distributions of trends between two ensembles, we
can determine whether different scenarios are distinct in terms of
Amundsen Sea warming (Methods). The Paris 1.5 °C, Paris 2 °C and
RCP 4.5 trends are all statistically indistinguishable, assessed in any
combination, for both warming and melting. Only RCP 8.5, the most
extreme scenario, is distinct from the others. This result suggests that
climate mitigation has limited power to prevent ocean warming which
controls sea-level rise from the WAIS and that internal climate vari-
ability presentsalarger source of uncertainty than future greenhouse
gas emissions.

Although RCP 8.5 has a stronger warming trend than the other
future scenarios, this difference is not apparent until mid-century.
Timeseries of ocean warming in the core scenarios (Fig. 3) show that
all future ensembles are markedly overlapping and have very similar
ensemble means for much of the century. RCP 8.5 eventually diverges
from the other ensembles, in approximately 2045 (Methods). There-
fore, while mitigation of the worst-case climate change scenario still
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Warming and melting trends in each scenario
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Fig.2|Boxplot of trendsin ocean temperature and ice-shelf basal mass

loss for each scenario. Ocean temperature trends are plotted in red (left axis);
ice-shelf basal mass loss trends in blue (right axis). The scenarios are described
in Extended Data Table 1; note different time spans and ensemble sizes (n = 5 for
Paris 1.5 °C and the Fixed BCs scenarios, and n =10 for all others). Temperature is
averaged over the continental shelf and the depth range 200-700 m. Basal mass

lossisintegrated over the ice shelves between Dotson and Cosgrove inclusive
and expressed as a percentage of the 1920-1949 historical ensemble mean. Both
variables are smoothed with a 2-yr running mean before computing trends. Each
scenario shows the ensemble mean (white stars), median (green lines), 25-75%
range (boxes), full ensemble range (whiskers) and individual trends (black dots).
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Fig.3| Timeseries of ocean temperature in the core five scenarios.
Temperature is averaged over the continental shelf and the depth range
200-700 m, and a2-yr running meanis applied. For each scenario, the solid line

denotes the ensemble mean, while the shaded region shows the full ensemble
range. Dashed vertical lines show the onset of future scenarios (2006) and the
time at which RCP 8.5 diverges from the other three scenarios (2045).

has the potential to reduce Amundsen Sea warming, it will probably
not make a difference for several decades. By this time, theimpact on
some glacier basins of the WAIS could be irreversible, even if ocean
temperatures then returned to present-day values.

Scenarios would be expected to diverge more into the twenty-
second century and beyond. Although Paris 1.5 °Cis not distinct from
the two mid-range scenarios when considering trends over the full
period, its warming trajectory noticeably flattens out towards the
end of the simulation (Fig. 3) and its temperatures diverge in 2059. By

this time, the underlying CESM1 scenario requires net negative CO,
emissions to stay below 1.5 °C of global warming®.

Mechanism of warming

The oceanographic processes driving warming can be inferred by
examining the vertical structure of temperature in the water column.
Figure 4 presents temperature profiles averaged over the continental
shelf for each core scenario, showing the mean state (Fig. 4a), inter-
annual variability (Fig. 4b) and trends (Fig. 4c). The continental shelf
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Temperature profiles over Amundsen Sea continental shelf
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Fig. 4| Profiles of ocean temperature in the five core scenarios. Temperature is
averaged over the continental shelf. a, Ensemble mean temperature over the last
20 yr of the given scenario. b, Standard deviation in annual mean temperature
over the past 20 yr for all ensemble members. ¢, Ensemble mean trend, calculated
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using 2-yr running means; lines are not shown for depths where the trend is not
significant. Horizontal dashed lines show the depth range 200-700 m used in
other analyses.

features aseasonal surfacelayer underlain by ayear-round, subsurface,
cold Winter Water layer (WW, approx.-1.5 °C) and below that, awarm
Circumpolar Deep Water (CDW, -1 °C). The WW and CDW layers are
separated by the thermocline, a sharp temperature gradient around
100-400 m. A peak in standard deviation around this depth (Fig. 4b)
indicates interannual variability in the position of the thermocline,
whichinthe present day causes the cavitiesto oscillate between warm
and cold conditions®".

In all future simulations, the thermocline rises (Fig. 4a) and the
warming trend is concentrated at mid-depth (Fig. 4c), indicating a
larger volume of warm CDW (Extended Data Fig. 5) which reaches
higher up in the water column. In the three lower-forcing scenarios,
the peak of the standard deviation (Fig. 4b) remains within the typical
depth range of the cavities (200-700 m). Therefore, although cold
periodsbecomeincreasingly lesscommon, there is still some variability
inmid-depth temperature. Itis onlyin RCP 8.5 where the thermocline
rises so high that its variability no longer strongly affects the cavities.
The cavities are continually bathed in warm water and mid-depth
temperature trends are markedly stronger thanin the other scenarios
(Fig. 4cand Extended Data Fig. 6).

Inthe historical period, asecondary cause of warming is the grad-
ual disappearance of cold convective events on the continental shelf
assurface freshening stratifies the water column (Supplementary Dis-
cussion2)®. This process has anegligible effect on the future scenarios
because convection ceases early in the twenty-first century. Changes
inthe properties of the CDW core, in the offshore Southern Ocean, are
minor (-0.2 °Cwarming over the twenty-first century). Warming of the
continental shelfis therefore driven by an increased volume of CDW,
rather thanincreased temperature of the water mass itself.

Rising of the thermocline is driven by intensified circulation
over the continental shelf and slope, bringing alarger volume of CDW
onshore. The Amundsen Undercurrent, abottom current transporting
CDW eastward along the shelfbreak®, strengthens in our simulations
(Fig.5a,b). Further downstream, the undercurrent turns onshore and
transports CDW southward through bathymetric troughs (Extended
Data Fig. 1a). This simulated onshore transport also strengthens,

particularly inthe Pine Island Thwaites East Trough (PITE; Fig. 5a,c) as
well asinthe Dotson-Getz Trough (Fig. 5a).

Theincreased CDW flux warms the continental shelf and the adja-
centice-shelf cavities. Individual trends in continental shelftempera-
ture significantly correlate with trends in southward transport through
the PITE Trough (Extended Data Table 2, except for the intra-ensemble
correlation for Paris 2 °C). This relationship, combined with existing
understanding of Amundsen Sea circulation from both observations
and models??, indicates that undercurrent intensification is the pri-
mary driver of Amundsen Sea warming and ice-shelf melting in our
simulations. The atmosphericdrivers of these oceanographic changes
are less conclusive, but appear to be linked to surface warming and
increased precipitation (Supplementary Discussion 3 and Extended
Data Fig. 7), rather than winds as proposed by previous work®’. How-
ever,nodominantdriver that can explain the variability in trends within
eachensemble has beenidentified.

Relevance to sea-level rise
Increased ice-shelf basal melting can result in a loss of buttressing,
increased mass flux across the grounding line and ultimately sea-level
rise. Because our ocean simulations are not coupled to an ice-sheet
model, we cannot quantify the sea-levelrise contributionimplied by our
findings. However, we canindirectly assess theirimportance for sea-level
rise on the basis of the spatial distribution of the basal melting trends.
Buttressing provided by ice-shelves is heterogeneous: increased basal
meltingin crucial regions triggers adisproportionate loss of grounded
ice, while the sameincrease in melting elsewhere may have littleimpact.
Here wereplicate the methodology of ref. 23 to calculate the but-
tressing flux response number (BFRN), a spatially varying metric that
quantifies ice-shelfbuttressing. Regions with high BFRN have greater
potential to cause sea-level rise if they experience increased basal
melting. We use the Ua ice-flow model (Methods) to calculate BFRN
across every ice shelf in our domain, in much greater detail than was
available previously (Fig. 6a). The regions with highest BFRN include
thegroundinglines of mostice shelves, the shear margins of Pine Island
and the shear margin bisecting the Thwaites ice shelf.
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Velocity trends in Paris 2° C scenario
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Fig. 5| Ensemble mean trends in velocity for the Paris 2 °Cscenario. Trends
are computed using annual averages. a, Trends in the bottom 100 m, zoomed into
the continental shelf. The magnitude of the trends is shaded in red, and vectors
are plotted where the magnitude exceeds 0.02 ms™ century™. Blue lines show
the transects used for b and c. Blue labels indicate the PITE and DG Troughs.

The dashed magenta line is the 1,000 misobath of the continental shelf break.

b, Trends in zonal velocity (red, eastward trend; blue, westward) across the
undercurrent transect at 118° W. ¢, Trends in meridional velocity (red, northward
trend; blue, southward) across the PITE transect at 73° S. Where trends are not
significant, the colour is set to white and/or the given vector component(s) set
tozero.

Using the BFRN field to defineice-shelf classes, we expressice-shelf
melting trends as a function of buttressing (Fig. 6b). The future sce-
narios show increased melting of all classes, including the most gla-
ciologically important classes (BFRN >10%). This result also holds
if buttressing classes are instead defined by depth of the ice draft
(Extended Data Fig. 8). The curvesin Fig. 6b arerelatively flat, indicat-
ing that future projections of melting do not disproportionately affect
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Fig. 6 | Implications of simulated melting for ice-shelfbuttressing. a, Effect
of localice-shelf thinning on sea-level rise, calculated for the Amundsen Sea
using astandalone ice-sheet model (Methods). The BFRN, following ref. 23, is the
ratio of total changes in mass flux across all grounding lines to the magnitude
oflocally applied ice-shelf thinning. Higher values (note log scale) indicate ice-
shelf thinning in the given region causing more sea-level rise. Negative values,
indicatingice-shelf thinning that reduces grounding line flux, are masked in light
blue. Black labels indicate ice shelves asin Fig. 1. b, Ensemble mean ice-shelf basal
melting trends as a function of BFRN for each core scenario. The BFRN valuesina
are splitinto 40 bins, following alog scale. All values <0.01%, including negative
values, are contained within the first bin. Melting trends are averaged over the
regions corresponding to each bin; where the ensemble mean trends are not
significant, they are set to zero.

either low or high BFRN regions; conversely, the historical trends are
concentrated in classes with high BFRN.

Comparing the different future scenarios, our main findings
from ocean warmingalso hold for buttressing implications: the three
lower-range scenarios are very similar, while RCP 8.5 has a higher
ensemble meantrend. The differences are largest for the lower values
of BFRN, and when considering ice draft depth classes rather than
BFRN, the differences are not significant for most of the deeper ice
(Extended DataFig.8). Thatis, additionalincreasesin melting inRCP 8.5
aredisproportionately amongice-shelf classes that have less potential
to cause sea-levelrise. This occurs because the additional thermocline
rise in RCP 8.5 (Fig. 4) primarily affects shallower ice drafts, which
tend to have lower BFRN. Deeper ice, with generally higher BFRN,
becomes engulfed by CDWinall future scenarios. Even mitigation of the
worst-case scenario therefore may not substantially reduce the future
sea-level rise contribution from this sector of the WAIS.

Implications

Our simulations present a sobering outlook for the Amundsen Sea.
Substantial ocean warming and ice-shelf melting is projected in all
future climate scenarios, including those considered to be unreal-
istically ambitious. A baseline of rapid twenty-first-century ocean
warming and consequent sea-level rise appears to be committed.
This warming s primarily driven by an acceleration of the Amundsen
Undercurrent transporting warmer CDW onto the continental shelf.
Basal melting increases across all ice shelves in the Amundsen Sea,
including in regions providing critical buttressing to the grounded
ice sheet.
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Mid-range mitigation scenarios (RCP 4.5) and the more ambitious
aims of the Paris Agreement (global warming limited to 1.5 °C or 2 °C)
are statistically indistinguishable in terms of Amundsen Seawarming
trends over the twenty-first century. The similarity of ocean warming
between forcingscenarios and the large spread within each ensemble
imply that internal climate variability will be extremely important in
determining the future of the WAIS. The only control that mitigation
can offer is by preventing the worst-case scenario (RCP 8.5). Here, the
thermoclinerises so high that mostice shelves are permanently bathed
inwarm CDW. However, RCP 8.5 does not diverge from the lower-range
scenarios until 2045, and the additional melting mainly affects shal-
lower regions of the ice shelves, which are lessimportant for sea-level
rise. The choice of scenario is likely to become more important in the
twenty-second century and beyond.

This study presents, to our knowledge, the most comprehensive
future projections of Amundsen Seaice-shelf melting so far. We simu-
late a wide range of future climate scenarios, and by running ensem-
bles we can compare these scenarios in a statistically robust manner.
Ensembles also allow us to study the distribution of possible melting
trends, considering low-probability, high-impact cases at the upper
end of the distribution, as well as the most likely case. By combining the
maximum future warming trend in our ensembles (Fig. 2) with historical
warming, we find that Amundsen Sea ocean conditions in 2100 could
be up to 2 °C warmer than pre-industrial temperatures. For Antarctic
water masses, a2 °Cincrease is striking.

Although this study isamajor advance, further researchand model
development are needed to increase confidence in our conclusions.
Our study uses a single ice-ocean model forced by a single climate
modeland does not consider feedbacks related toice-shelf geometry
(Supplementary Discussion 4). Furthermore, our future projections
focus onoceanicforcing of the WAIS, whichis currently the dominant
process driving massloss’. Inthe longer term, atmospheric forcing may
becomeincreasingly important, asit affects the surface mass balance
of the ice sheet. In strong forcing scenarios beyond 2100, increased
surface melting could trigger ice-shelf collapse in the Amundsen sector
and rapidly accelerate mass loss* . Conversely, increased snowfallin
awarmer climate could offset sea-level rise". We do not consider these
processesinour study, but they could introduce astronger sensitivity
to the climate forcing scenario. Finally, the long timescales of ice-sheet
dynamics mean that the WAIS could continue to lose mass even if
ocean temperatures do not increase further?®**., However, continued
ocean warming will accelerate the rate of mass loss and will trigger
more impacts of sea-level rise on timescales which are immediately
policy-relevant.

This study does not undermine the importance of mitigation in
limiting the impacts of climate change. Mass loss from the WAIS is
just one component of sea-level rise, and other regions of Antarctica
are unlikely to lose substantial mass if current emissions targets are
met®°. This is to say nothing of the many impacts of climate change
beyond sea-level rise. However, adaptation should now be considered
more seriously as a priority in the world’s response to sea-level rise.
The opportunity to preserve the WAIS in its present-day state has
probably passed, and policymakers should be prepared for several
metres of sea-level rise over the coming centuries. Internal climate
variability, which we cannot predict or control, may be the deciding
factor inthe rate of ice loss during this time. Limiting the societal and
economic costs of sea-level rise will require a combination of mitiga-
tion, adaptationand luck.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Ice-ocean simulations

Simulations were performed using the previously described con-
figuration of MITgcm®. This model covers the Amundsen Sea region
at tenth-degree resolution (-3-5 km depending on latitude) and
includes components for the ocean, sea-ice, and ice-shelf thermody-
namics®*%. The bathymetry, ice draft and grounded ice mask are held
fixed at present-day conditions, following MEaSUREs BedMachine v.2
(refs.5,33). All parameters and parameterizations are asin ref. 6, which
alsovalidated the model’s performance during the observational period.
The model generally agrees with the observational record of continental
shelf temperature and salinity, in terms of mean conditions as well as
interannual variability. The Amundsen Undercurrentin this configura-
tionwas also previously assessed??and confirmed to be the main driver
of variability in onshore heat content and ice-shelf basal melting.

The simulations presented here are forced by a suite of climate
model experiments using CESML1, as detailed in Extended Data Table 1.
The atmospheric forcing is bias corrected using the same spatially
varying, time-constant correction fields used in ref. 6. New to this
study is the use of transient boundary conditions on the lateral ocean
boundaries (140° W, 80° W, 62° S) using bias-corrected CESM1 forc-
ing in all of the main ensembles; the bias-correction methodology is
described in the next section. CESM1was chosen for its availability of
large ensembles for multiple scenarios, as well asits good representa-
tion of winds over the Amundsen Sea®”'°. These winds are important
drivers of the circulation features within our domain, including the
AmundsenUndercurrent as well as the southern branch of the Antarctic
Circumpolar Current.

We used a subset of the available ensemble members in CESML1,
balancing statistical robustness with computational cost and data avail-
ability. The core Historical experiment (10 members) followed histori-
cal externalforcing from1920-2005", considering both anthropogenic
(greenhouse gases, ozone depletion, aerosols, land use change) and
natural (solar, volcanic) sources. To isolate the impact of transient
boundary conditions, Historical Fixed BCs (Smembers) instead forced
the oceanboundaries with a repeating present-day monthly climatol-
ogy from the World Ocean Atlas 2018** and the Southern Ocean State
Estimate®. Both historical scenarios wereinitialized asinref. 6 and spun
up for 30 yr by repeating the period 1920-1949 once.

Four core future scenarios following different forcing pathways
(Paris1.5°C, Paris 2 °C,RCP 4.5,RCP 8.5) branched from the correspond-
ing members of the Historical scenarios''®. Ten members were used
for all scenarios except for Paris 1.5 °C (5 members), for which missing
data precluded the use of members 6-10. One additional scenario with
climatological boundary conditions, RCP 8.5 Fixed BCs (5 members),
branched from the end of Historical Fixed BCs.

Bias-correction methodology at open boundaries
CESMlisaglobal climate model withrelatively coarse resolution (-1°)
andis not optimized for the Antarctic continental shelf. Consequently,
it exhibits biases in Antarctic water masses, including a surface fresh
biasand anoverly shallow thermocline, whichwould be importedinto
our regional model if the raw CESM1 output fields were used to force
MITgcm at the open ocean boundaries. Amundsen Sea circulation and
ice-shelf melting are very sensitive to the underlying water mass struc-
ture’** and such biases would negatively impact MITgem’s present-day
realismand undermine confidenceinits future projections. Therefore,
we have developed abias-correction methodology that preserves tran-
sient changesin CESM1’s water mass properties (for example, warming)
and structure (for example, thermocline shoaling), without inheriting
mean-state biases in either characteristic.

Key to our methodology is the concept of ‘normalized T/S space’,
in which water masses are indexed on the basis of their relative tem-
perature and salinity. Each axis ranges from O (the coldest or freshest
water on the given open boundary) to 1 (the warmest or saltiest), with

alinear transformation. Extended Data Fig. 2 shows an example water
mass distribution in normalized T/S space for the CESM1 present-day
climatology (Extended Data Fig. 2a) and the World Ocean Atlas (WOA,
Extended Data Fig. 2b). The transformation is calculated separately
for the two products, so their distributions are broadly similar even
though the absolute values are different (Extended Data Fig. 3a,b).

For each CESM1 scenario, ensemble member, month and model
boundary, we bias-corrected ocean temperature and salinity in 5main
steps:

1. Transformed to normalized T/S space. We calculated this
transformation separately for the CESM1 (Extended Data
Fig. 2a) and the WOA (Extended Data Fig. 2b) climatologies.
The normalized T/S space was splitinto 100 x 100 bins. We also
calculated the CESM1 temperature and salinity anomalies, with
respect to climatology, for each bin (Extended Data Fig. 2c,d).

2. Filledin the gaps to define temperature and salinity anoma-
lies in every possible bin. Each missing bin (zero volume in
CESM1) was filled with the weighted mean of its 10 nearest valid
neighbours, where the weights are the inverse of the Cartesian
distance between indices, such that closer neighbours are
weighted more heavily. The surface was then smoothed using
a Gaussian filter with a standard deviation of 2 bins (Extended
DataFig. 2e,f).

3. Forevery bin with non-zero volume in WOA, we looked up
the temperature and salinity anomalies. We added these
anomalies to the WOA climatology. The bias-corrected values
were therefore (CESM1 time-varying) — (CESMI climatology) +
(WOA climatology), but with a transformation to normalized
T/S space after the first two terms.

4. Transformed the corrected values back to physical space,
using the WOA water mass distribution. The correct anoma-
lies had now been applied to the correct water masses, even if
their initial properties were biased and even if they were in the
wrong position in the water column. For example, the warmest
and saltiest water in WOA was assigned the same anomaly as the
warmest and saltiest water in CESM.

5. Special treatment of the mixed layer. For consistency, sea
surface temperature and salinity anomalies should agree with
the surface fluxes implied by the atmospheric forcing. Special
treatment of the mixed layer was required to avoid occasional
conflicts where the surface water in WOA wrongly inherited
the subsurface anomalies from CESML, as these two regions
were very close on the T/S distribution and could have opposite
anomalies (for example, surface freshening and subsurface
salinification as the thermocline rises: Extended Data Figs. 2f
and 3e). To avoid these issues, we selected the CESM1 sea sur-
face temperature and salinity anomalies in physical space, with
no transformation to normalized T/S space. Over the depth
of the mixed layer, we linearly transitioned from the surface
anomalies to the original anomalies calculated in steps 1-4. We
selected the mixed layer base in the WOA climatology using
a potential density threshold of 0.1 kg m~ above the surface
density at each point. Finally, a minimum temperature of -1.9 °C
(surface freezing point) was enforced at all depths.

The overall bias-correction methodology has been tested exten-
sively and adequately preserves trends in CESM1 water mass proper-
tiesand structure, while also preserving the more realistic water mass
structure of the World Ocean Atlas. An example of its effectiveness is
shown in Extended Data Fig. 3 for salinity on the eastern boundary.
Compared with WOA (Extended Data Fig. 3a), the CESM1 climatology
(Extended DataFig.3b) has afresh biasin the surface and mixed layer,
and the halocline (equivalent to the thermocline) is too shallow. By
2100 (Extended Data Fig. 3c), CESML1 has an even fresher surface and
mixed layer, and an even shallower thermocline. The bias-correction
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methodology preserves these changes while removing the initial biases
in both water mass properties and structure, creating a final salinity
field that looks realistic (Extended Data Fig. 3d). Comparing the raw
anomaliesin CESM1 (Extended DataFig. 3e) tothe corrected anomalies
that are ultimately applied to MITgcm (Extended Data Fig. 3f) shows
that the magnitude and character of CESMI's anomalies have been
preserved. Both panels show a similar freshening of the mixed layer
andsalinification of the subsurface as the thermocline rises. However,
the corrected anomalies have a different vertical structure, following
the deeper thermocline of the World Ocean Atlas.

We took asimplerapproach to velocity and sea-ice variables on the
boundaries, which were linearly bias corrected in physical space. That
is, the CESM1anomaly field was added to the monthly climatology from
the Southern Ocean State Estimate, with no transformationin between.
MITgcm was not particularly sensitive to transient changes in these
variables at the lateral boundaries; indeed, momentum anomalies do
not persist within the domain to the extent that tracers do, and sea-ice
variables quickly adjust to the surface fluxes.

Statistical conventions

To reduce calculations to a single dimension, we analysed trends in
temperature averaged over the continental shelfregionin Fig.1and the
depth range 200-700 m. These bounds approximated the typical ice
draft and seafloor depth at the ice front (Extended Data Fig. 1), there-
fore spanning the typical depth range at which the cavities are open
tothe surrounding ocean. Trendsinice-shelf melting were calculated
using the basal mass loss integrated over ice shelves between Dotson
and Cosgroveinclusive, which are the cavities directly affected by the
corresponding ocean region. All statistical calculations used the 95%
significance threshold.

The significance of an ensemble mean trend was determined by
a2-sided t-testacrossthe nindividual trends, where nis the ensemble
size, given the null hypothesis that the mean is zero. To determine
whether trends between two ensembles are distinct, we applied a
2-sided, 2-sample t-test with unequal sample size and variance. This test
is appropriate because the matching ensemble members in different
scenarios are not paired'. The correlation between trends in two vari-
ables (Extended Data Table 2) was calculated using alinear regression
across the given ensemble(s).

Note that RCP 4.5 ends in 2080, due to unavailability of CESM1
forcing, while the other future scenarios end in 2100. All statistical
comparisons of trends (such as determining which scenarios are dis-
tinct, or inter-ensemble correlations) were calculated over the period
of overlap, thatis, 2006-2080 if RCP 4.5 is included and 2006-2100
otherwise. Figures and tables show trends calculated over the full simu-
lation period, including to 2100 where available. When the warming
and melting trends were recalculated to allend in2080 (Extended Data
Tablel), theyincreased slightly, particularly in the two Paris scenarios.
This is because greenhouse gas emissions level off towards the end of
the century. Our main conclusions were not affected by the choice of
end date for the trends.

To calculate the year of divergence of a given scenario (for
example, RCP 8.5) from the others, we compared the 10 ensemble
members of RCP 8.5 to the 25 ensemble members of the other three
scenarios combined. For each member, we calculated annual meansin
ocean temperature (200-700 m mean, averaged over the conti-
nental shelf region). For each year, we considered the 11-yr window
centred on the given year toaccount for interannual variability. This
produced two samples to compare for each year: a sample of 110
values from RCP 8.5 (10 members x 11 yr) and a sample of 275 val-
ues from the other scenarios combined (25 members x 11 yr). To
determine whether the two samples were distinct, we performed a
2-sample t-test as before. The year of divergence is the year at which
the samples become distinct and remain distinct for the remainder
of the simulation.

A similar method was used to determine the values of the BFRN
(Fig. 6b) orice-draft depth class (Extended DataFig. 8) for whichRCP 8.5
was distinct fromthe other scenarios. For each bin, the two samples were
compared asabove, but without usingawindow. That is, the sampleswere
composed of 10 values for RCP 8.5 and 25 values for the other scenarios,
corresponding to the individual ensemble members for that bin only.

Ice-shelfbuttressing simulations

To quantify the effect of ice-shelf thinning on the mass flux across
the grounding line, we calculated the buttressing flux response num-
bers 6 following the methodology of ref. 23. We used a regional con-
figuration of the ice-sheet model Ua*, which includes the same ice
shelves as in the MITgcm and their corresponding drainage basins.
The model domain was bounded by a fixed ice front (as in Fig. 1) and
theice divide of the H-Hp, G-H and F-G drainage basins®. Ua treats the
iceasanon-Newtonian viscous fluid with Glen’s flow law exponentn =3
and ashallow-shelf approximation of the momentum equations. Basal
sliding was represented by anonlinear Weertman-type sliding law with
exponentm = 3. Aspatial distribution of therate factorin Glen’slaw and
slipperinessintheslidinglaw were obtained through acommonly used
optimization procedure*’. Bedrock geometry and ice thickness were
linearly interpolated from the BedMachine v.2 dataset>*, as used for
the ocean domain, and surface velocities were taken from the MEaS-
UREs dataset*. A zero-flow condition was imposed for grounded ice
at the model boundary. All calculations in Ua were performed using
finite-element methods onanunstructured grid. Linear elements were
used, withanominal nodal spacing of 2.5 km, local mesh refinement of
1km inareas with high effective strain rates and strain rate gradients,
and 750 min the vicinity of the grounding line.

To calculate the buttressing flux response numbers, floating
areasinthe model domainwere dividedinto 5 x 5 kmsquares. For each
square, the thickness of floating ice within the square was reduced by
1m, and adiagnostic model calculation was performed to estimate the
resulting change in ice velocity. This allowed us to calculate a spatial
distribution of 8z at 5 kmresolution, following ref. 23:

Agg,

Op= —————
B [ pAhdxdy

where Aq, is the differenceinannual grounding line flux (in kg) between
the perturbed and unperturbed geometry, p = 917 kg m2is theice den-
sity and Ah (in m) is the difference between the perturbed and unper-
turbed ice-shelf thickness. In the calculation of Agg,, changes in flow
across the groundingline of icerises, ice rumples and islands were omit-
ted, and only the flux across the main grounding line separating theice
shelves and the continent was considered. The 5-km resolution of our
calculation, as compared with 20 kmin ref. 23, was enabled by the high
mesh resolution of our regional model setup. Moreover, the resolution of
6, was comparable to that of the ocean model, which allowed for amore
robust comparisonbetween 8; and trends in melt rate. It also allowed us
to resolve finer spatial variability in 8; for the small and geometrically

complexice shelves withinthe domain, underscoring theimportantrole
of shear margins andice near the groundingline for ice-shelfbuttressing.

Data availability

Aprocessed version of the model output s publicly accessible at the UK
Polar Data Centre*. Due to its large size, the full unprocessed dataset
isnot hosted on a public-facing server, but subsets can be transferred
onanindividual basis as required. To obtain model output beyond the
publicly accessible version, please contact the corresponding author.

Code availability

The ocean model source code and configuration files are publicly
accessible®, asis the pre-and post-processing code** and the ice sheet
model source code’.
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Topography of Amundsen Sea continental shelf
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Extended Data Fig.1| Topography of the continental shelfin the model. The full model domain extends north to 62°S. (a) Bathymetry, (b) ice-shelf draft, both in
metres where positive indicates downward (note different colour scales).
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Water masses in normalised T/S space:
RCP 8.5 (member 1), July 2100, eastern boundary
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Extended Data Fig. 2| Intermediate steps in bias correction of temperature
and salinity. This example shows the eastern model boundary (80°W) for July
2100in RCP 8.5 (first ensemble member). Data is expressed in normalised T/S
space, where each axis ranges from O (coldest or freshest water on boundary)
to1(warmestor saltiest) and is divided into 100 bins. (a,b) Volume of water in
each bin for the July CESM1 climatology (1998-2017, mean of 40-member LENS
ensemble') and World Ocean Atlas 2018 climatology** respectively. Bins with
zero volume are masked in white. The 20-year period 1998-2017 was chosen for
CESM1 to approximately align with the observations informing WOA. The two

plots have different colour scales because the different horizontal resolutions

of the two products affect the grid cell volumes; however, the WOA volume is

not used in the bias correction and is only shown for illustrative purposes. (c, d)
CESM1 temperature and salinity anomalies for the specific month (July 2100, RCP
8.5, member 1) with respect to the July climatology in (a). The volume-weighted
mean anomaly is shown for each bin. (e,f) Asin (¢,d) but with missing values filled
in, creating acomplete surface from which to look up anomalies for each WOA
binin (b).
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Bias correction of salinity (psu):
RCP 8.5 (member 1), July 2100, eastern boundary

a. WOA climatology b. CESM1 climatology
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Extended DataFig. 3 | Bias correction of salinity in physical space (depth climatology for July, on original CESM1grid; (c) raw CESM1 output for July 2100;
vs latitude). The same example month as in Extended Data Fig. 2 is shown, for (d) final corrected salinity field; (e) raw CESM1anomalies (c minus b);
the eastern boundary zoomed into the depth range above 1500 m. (a) WOA (f) corrected CESM anomalies (d minus a).

climatology for July, interpolated to MITgcm grid; (b) CESM1 present-day
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Extended Data Fig. 4| Timeseries of ocean temperature, comparing transient
boundary conditions with fixed boundary conditions. All conventions are as
inFig. 3, for the Historical scenario moving into RCP 8.5.The dashed black line

shows 1949, the year at which Historical diverges from Historical Fixed BCs
(see Methods). For each scenario, the solid line shows the ensemble mean, and
the shaded region the full ensemble range.
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Water masses on continental shelf (Paris 2°C)
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Extended Data Fig. 5| Water mass volumes in temperature-salinity space. The
continental shelf region (Fig. 1; all depths) is shown for the Paris 2 °C ensemble.
Temperature and salinity are splitinto 1000 x1000 bins, and the volume of water
ineachbinisintegrated for each year and ensemble member, using annually
averaged values. Shown is the ensemble mean, time mean over (a) the first

33.0 33.5

33.0

33:5 34.0 34.5
10 years (2006-2015) and (b) the last 10 years (2091-2100). Each panel also shows,
in grey, the bins which have zero volume in the given panel but nonzerointhe
other panel. The log of volume in m3 s plotted for visibility. Black dotted lines
show potential density contours in kg/m3-1000. Black labels indicate the water
masses WW (Winter Water) and CDW (Circumpolar Deep Water).
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Temperature (°C) on Amundsen Sea continental shelf
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Extended Data Fig. 6 | Hovmaoller plots (depth versus time) of temperature ensemble, with black contours at 0.2 °C to highlight episodes of convection.
averaged over the continental shelfregion. The left column shows the anomaly Selected scenarios are shown: (a) Historical, (b) Paris 2 °C, (¢c) RCP 8.5. Datais
from the historical baseline (ensemble mean, time mean over full period smoothed using a12-month running mean.

1920-2005). The right column shows the standard deviation across the
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Correlation between trends in atmospheric forcing (2D)
and trends in continental shelf temperature (1D)
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is significant at the 95% level. Grey vectors indicate neither componentis
significant. The dashed magenta line is the 1750m isobath of the continental shelf
break. (b) Surface air temperature and (c) precipitation, only plotted where the
correlationis significant at the 95% level. Atmospheric forcing variables which
are closely related to surface air temperature and/or less important to the ocean
(surface humidity, surface pressure, shortwave and longwave radiation) are not

Extended Data Fig. 7| Maps of correlation between trends in atmospheric
forcing variables and trends in continental shelf ocean temperature.
Temperature is averaged over 200-700 m and the region shown in Fig. 1.
Inter-ensemble correlations are calculated using all members of the five core
scenarios, and the individual trends are calculated using annual averages over
the full duration of each simulation. Correlations are shown for: (a) Surface

winds, with black vectors where at least one component (zonal or meridional) shown.
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Melting trends as function of depth
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Extended DataFig. 8 |Ice-shelfbasal melting trends as a function of depth trends in the given bin. Grey shading indicates that, when considering ensemble
oftheice draft. Conventions follow Fig. 6b; here 30 bins are defined following spread (not shown), RCP 8.5 is not distinct from the other future scenarios for the
alinear scale. Missing points indicate that the given scenario has no significant given depth class (Methods).
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Extended Data Table 1| Details of MITgcm simulations analysed in this paper

Scenario Years | Ensemble | CESM1 Boundary Ocean warming trend | Ice-shelf basal melting trend
size forcing conditions | (°C/century) (%l/century)
(also shown to 2080) | (also shown to 2080)

Historical 1920- |10 Large Transient 0.24 +£0.23 -

2005 Ensemble
Historical 5 Climatology [ 0.25+0.08 26 +17
Fixed BCs
Paris 1.5°C | 2006- |5 Low Warming | Transient 0.80+0.25 94 + 40

2100 1.5°C (1.01 £ 0.41) (113 + 66)
Paris 2°C 2006- |10 Low Warming | Transient 0.97 £0.17 106 £ 20

2100 2.0°C (1.09 £ 0.27) (118 + 36)
RCP 4.5 2006- |10 Medium Transient 0.98+0.15 102 + 21

2080 Ensemble
RCP 8.5 2006- |10 Large Transient 1.39+0.17 141 + 22

2100 Ensemble (1.49 £0.19)

(154 + 27)

RCP 8.5 5 Climatology | 1.13 £ 0.06 119+ 11
Fixed BCs (1.14 £ 0.10) (130 £ 9)

‘Scenario’ denotes the name used in the text. ‘Years’ shows the time span of each scenario (inclusive). ‘Ensemble size’ shows the number of ensemble members; 10 indicates that the
corresponding CESM1 members 1-10 were used for forcing, for example. ‘CESM1 forcing’ indicates the Community Earth System Model experiment used for forcing of atmospheric variables
and (if applicable) lateral ocean boundaries. ‘Boundary conditions’ indicates whether the lateral ocean boundaries are forced by a present-day climatology derived from observations
(‘Climatology’) or by transient CESM1 fields bias corrected to the same observational products (‘Transient’). ‘Ocean warming trend’ and ‘Ice-shelf basal melting trend’ show the ensemble
mean trend, plus or minus one standard deviation, of ocean temperature (averaged over the continental shelf region in Fig. 1and from 200-700 m depth) and ice-shelf basal melting
(integrated over ice-shelves between Dotson and Cosgrove inclusive, and expressed as a percentage of the ensemble mean over the first 30 years of the Historical experiment), calculated
using 2-year running means. Trends which are not significant at the 95% level are denoted by *-'. Trends are calculated over the duration of the given experiment; for future scenarios which
end in 2100, the trend ending in 2080 is also reported (italicized, in parentheses) for direct comparison to RCP 4.5. Blank boxes indicate that the information is the same as the above

experiment.
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Extended Data Table 2 | Coefficient of determination (r?) for the member-wise correlation in trends between the two given
variables

Scenario(s) Ocean warming vs. Ocean warming vs.
ice-shelf melting PITE transport
(r? of correlation in trends) (r? of correlation in trends)

All future 0.867 0.680

Paris 1.5°C 0.968 0.950

Paris 2°C 0.808 -

RCP 4.5 0.778 0.411

RCP 8.5 0.765 0.568

We calculate the inter-ensemble correlation, considering trends in all ensemble members of all four future scenarios (‘All future’), as well as the intra-ensemble correlations for each scenario
individually. ‘Ocean warming’ refers to temperature averaged over the continental shelf region in Fig. 1 and between 200-700 m, ‘ice-shelf melting’ to ice-shelf basal mass loss integrated over
ice-shelves between Dotson and Cosgrove inclusive, and ‘PITE transport’ to southward transport integrated over the transect shown in Fig. 5c. Correlations which are not significant at the 95%
level are denoted by *-". Trends are calculated over 2006-2080 if RCP 4.5 is included, and 2006-2100 otherwise.
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