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Abstract

Increasing freshwater fluxes from the Antarctic Ice Sheet are widely
recognised to have global impacts, including sea surface cooling extend-
ing into the Northern Hemisphere, and Southern Ocean subsurface
warming. However, most simulations have imposed Antarctic ice loss
rates that are unlikely in a pre-industrial climate, or ‘high-end’ in a
warming climate. To ensure that freshwater forcing is consistent with
a warming future climate, we here use historically-calibrated, highest-
likelihood ice sheet projections to constrain Antarctic freshwater forcing
in the Norwegian Earth System Model until 2300. In clear contrast to
earlier studies, the projected freshwater forcing only induces weak global
responses in sea-surface temperature and ocean circulation. Despite the
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weak global responses, Southern Ocean subsurface warming develops,
albeit delayed until at least the late 21st century. Additional experiments
with freshwater forcing increasing 40 years earlier or under pre-industrial
conditions yield substantially stronger climate responses, and highlight
that climatic impacts of Antarctic meltwater depend sensitively on the
timing of meltwater increases relative to Southern Ocean precipitation
increases. While our results suggest much weaker global responses than
have previously been reported, Southern Ocean subsurface warming that
threatens ice sheet stability underlines the importance of ongoing efforts
to quantify ice-ocean feedbacks with coupled ice sheet - ocean modelling.

Introduction

As Antarctic Ice Sheet melting accelerates in the coming decades, we expect
a corresponding increase in the freshwater fluxes entering the Southern Ocean
[1]. In addition to the obvious sea-level rise implications, the climatic feedbacks
and impacts associated with increasing freshwater fluxes have been extensively
studied across a wide range of models, experiments, and climate states [2-14].
Several characteristic climate responses are now recognised in those and many
other studies, including surface cooling in the Southern Ocean (often reach-
ing the Northern Hemisphere), Antarctic sea ice expansion, sub-surface ocean
warming around Antarctica, and reduced Antarctic Bottom Water (AABW)
formation. Surface cooling is notable as it could partially offset anthropogenic
warming. Sub-surface Southern Ocean warming could give rise to a positive
feedback by further increasing ice-shelf basal melting in Antarctica, in turn
increasing freshwater fluxes, and reinforcing the sub-surface warming [14-16].
This positive feedback would accelerate ice sheet mass loss from Antarctica and
increase the risk of rapid, irreversible sea-level rise. Quantifying both the sur-
face and deep ocean responses to increasing freshwater fluxes from Antarctica

is clearly crucial for future climate and global sea-level projections.
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The impacts of freshwater fluxes are particularly well studied by Earth
system models in a pre-industrial climate, for example following idealised pro-
tocols in the Southern Ocean Freshwater Inputs from Antarctica (SOFIA)
initiative [8, 14, 17, 18], as well as in numerous previous studies (Ref. [8] and
references therein). Comparatively fewer Earth system modelling studies have
evaluated Antarctic freshwater impacts under a warming climate, whether fol-
lowing specific Coupled Model Intercomparison Project (CMIP) Phase 5 and
6 scenarios [3, 4, 19-22] or employing idealised CO2 changes [3, 6, 23].

A notable characteristic of experiments following CMIP5/6 warming sce-
narios is the large spread in their prescribed freshwater forcings (Fig. 1Db).
Some [4, 7, 20] based their freshwater fluxes on low-likelihood, high-end ice
sheet projections [24, 25|, with notably rapid increases in freshwater fluxes
this century associated with self-sustaining marine ice cliff collapse (marine ice
cliff instability: MICI [26, 27]). However, MICI remains controversial among
the glaciology community [28-31]. Others [21, 22] have employed the Ice
Sheet Modelling Intercomparison Project (ISMIPG6) ensemble-based projec-
tions [32, 33]. Although this choice has the clear advantage of averaging across
a wide ensemble of ice sheet models, the ISMIP6 ensemble outputs ice shelf
basal melt until 2100 but does not report surface runoff or iceberg calving.
Consequently, a fixed, observations-based scaling between basal melt and calv-
ing (calving:basal melt = 45:55, following Rignot et al. [34]) is employed to
estimate total freshwater fluxes [8, 22]. This assumption becomes increasingly
inappropriate in warming scenarios as the ice sheet evolves from its current
state, since calving is unlikely to keep pace with increasing basal melt and may
even decrease as ice shelves retreat (Section S1 and Coulon et al. [1]). Fur-
thermore, surface melt runoff is likely to become an important, third source of

meltwater to the Antarctic margins in a warmer future [1, 35] (Fig. 1a). We
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further note that historical calibration was not required for submitting results
to ISMIP6 [32], potentially increasing uncertainty or bias in future projections
(36].

What is clear from these past Antarctic freshwater studies is that their
applied freshwater forcings through the 21st century exceed the most recent
projections based on historically-calibrated ice sheet modelling [1] (Fig. 1b).
This becomes problematic if the climatic response to freshwater forcing
depends on when freshwater is released relative to the evolving climate state.
However, the sensitivity of climate impacts to the timing of freshwater release
remains poorly constrained, as previous sensitivity studies have mainly focused
on varying the spatial distribution [13, 37].

If freshwater impacts are climate state dependent, then freshwater forc-
ing should evolve consistently with the underlying warming trajectory. This
is implicitly achieved when an ice sheet model is coupled within an Earth
system model, and indeed some modelling groups are developing this capabil-
ity in Antarctica [12, 38-41]. Despite ongoing efforts, few have yet reported
simulations under a warming climate [12, 41, 42]. Physical realism of the
ice-ocean coupling is also variable, given considerable technical challenges for
example with implementing an ocean model beneath time-evolving floating
ice shelves (Section S8). Earth system models with fixed ice sheets, requiring
anomalous freshwater fluxes to be implemented as an additional forcing [8, 43]
(often termed ‘hosing’), thus remain valuable tools for isolating, assessing,
and attributing climate responses. Furthermore, since ice sheet model-related
uncertainties are a dominant contributor to uncertainties in centennial-scale
Antarctic ice loss projections [44], hosing experiments provide a computation-
ally efficient framework for either exploring or isolating that uncertainty. For

example, large ensembles of stand-alone ice sheet model simulations can be
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used to generate plausible freshwater flux trajectories, which are then sampled
in freshwater-forced Earth system model experiments. Of course the drawback
of this uncoupled approach is that any meltwater-induced climate responses
— should they occur — are not fed back into the ice sheet response. Hence, we

view coupled ice sheet and forced (hosing) approaches as complementary.

Experiment design

Here, we use the Norwegian Earth System Model (NorESM2) [45, 46] forced
with additional freshwater fluxes derived from historically-calibrated Antarctic
Ice Sheet projections [1] to quantify regional and global climate impacts of
Antarctic freshwater fluxes until the year 2300. A notable feature of our new
freshwater forcing is its relatively small magnitude through the 21st century in
comparison to other studies (Fig. 1b). To assess the role of freshwater timing
relative to the climate state, we run an additional warming scenario in which
the freshwater forcing is shifted 40 years earlier, bringing our forcing closer
to previous studies (Fig. 1b). Both our warming simulations (ssp585-coulonfw
and ssp585-coulonfw-40) are evaluated relative to a control simulation (ssp585-
control [46]) that follows the same model setup but without the additional
freshwater forcing (see Table 1).

We also run two pre-industrial experiments following the SOFTA protocol
[8]: tier 1 antwater and tier 3 antwater-60s, which add 0.1 Sv freshwater forcing
without any climate warming.

Together, these experiments allow us to address three questions. (1) How
do climate impacts associated with historically calibrated Antarctic freshwa-

ter projections compare with those reported in previous hosing studies? (2) To
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what extent does the timing of freshwater release relative to the evolving cli-
mate state influence regional and global climate responses? (3) Which climate

responses remain robust across different forcing scenarios and climate states?

Results

Highest-likelihood Antarctic freshwater fluxes produce

only weak ocean surface and circulation responses

In the warming scenario with Coulon et al. [1] freshwater fluxes (ssp585-
coulonfw), SST closely follows the control (ssp585-control) (Figs. 2f-j, S12f-j) in
each of the five global regions. Deviations between the two experiments mostly
reflect decadal variability. A notable longer-term deviation develops in the
early 2100s, when the Southern Hemisphere (SH) mid-latitudes are 0.2+0.1°C
cooler than the control from 2110 to 2160 (mean+1sd; Fig. 2i). This is a small
deviation in the context of the overall warming magnitudes throughout both
the control and freshwater-forced simulations (Fig. S12f-j).

If the freshwater fluxes are added 40 years earlier (ssp585-coulonfw-40),
we find earlier, stronger, and more prolonged cooling in the SH mid-latitudes,
averaging -0.3+0.1°C from 2050 to 2160. This is consistent with the classic
response found in many previous studies. In ssp585-coulonfw-40 the cooling
reaches the Arctic, averaging -0.5+0.3°C from 2090-2200, despite a lack of
significant response in the Northern Hemisphere (NH) mid-latitudes (Fig. 2f,g).
Nevertheless, freshwater-induced cooling is still relatively small in comparison
to scenario-driven warming (Fig. S12). Our pre-industrial simulations with an
additional 0.1 Sv freshwater forcing also show the classic SST cooling (Figs.
S12a-e, 2a-e), strongest in the SH mid-latitudes where cooling in the first 50
years stabilises at around -0.6°C in both antwater and antwater-60s. In both

cases, cooling of -0.2 to -0.3°C also persists in the NH mid-latitudes and Arctic,
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after a delay of 40 to 50 years. Overall the antwater and antwater-60s SST's
indicate little surface climate dependence on the horizontal distribution of
Antarctic freshwater fluxes (coastal versus south of 60°S).

Sea surface salinity (SSS) anomalies show freshening in all regions in the
warming scenarios (Fig. S13f-j). In the Southern mid-high latitudes the fresh-
ening reaches magnitudes comparable to past studies where added freshwater
has triggered strong surface climate responses in a warming climate [6, 20].
Hence, we already eliminate a weak SSS response as a possible cause of the
weak global SST response in ssp585-coulonfw. SSS anomalies in the Antarc-
tic region (south of 66°S) closely follow the additional freshwater forcing, with
a clear separation between ssp585-coulonfw and ssp585-coulonfw-40. Further
north, freshening anomalies become increasingly delayed — eventually affecting
the Arctic in the 2200s — and there is less distinction between ssp585-coulonfw
and ssph85-coulonfw-40. SSS in the pre-industrial simulations (Fig. S13a-e)
shows a clear SH response, and again a delayed response further north (NH
mid-latitudes respond after ~150 years; the Arctic has not yet responded by
200 years). Freshening in the Antarctic region (south of 66°S) is stronger in
antwater-60s than in antwater, but SSS in the other four regions — including the
SH mid-latitudes — shows little dependence on freshwater forcing distribution
(antwater-60s closely follows antwater, north of 66°S).

We find little response of our circulation metrics to additional Antarctic
freshwater fluxes in the ssp585-coulonfw warming experiment, as illustrated
by the Atlantic meridional overturning circulation (AMOC), Southern Ocean
lower cell, and Antarctic circumpolar current (ACC) strengths (Fig. S16e-
h). Between the periods 1960-2014 and 2200-2300, AMOC weakening (from
23.6+1.2 to 9.4£1.0 Sv at 26°N), lower cell weakening (from 8.9£1.1 to
4.3+£0.8 Sv at 45°S) and ACC strengthening (from 15942 to 19748 Sv
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across Drake Passage) develop under SSP5-8.5 independently of the addi-
tional ssp585-coulonfw freshwater fluxes (quoted values are mean+1sd in
the historical and ssp585-control simulations). With the earlier freshwater
fluxes (ssp585-coulonfw-40), the lower cell and ACC are slightly weaker rel-
ative to sspb85-coulonfw from 2060 to 2110, but responses otherwise follow
ssph85-control within the internal variability.

In the pre-industrial experiments (Fig. S16a-d), the AMOC shows lit-
tle sensitivity to additional freshwater, while the lower cell and ACC both
weaken. Specifically, in antwater the lower cell and ACC weaken by 4.5+1.6
and 23.0+3.2 Sv, respectively, while in antwater-60s the weakening is less

pronounced (1.54+1.7 and 6.443.2 Sv, respectively).

Subsurface ocean warming develops around Antarctica

despite weak surface climate responses

Circumpolar deep water (CDW) and Antarctic shelf bottom water (ASBW)
temperatures are notable as they are the only temperature diagnostics eval-
uated here that show a substantial response to freshwater forcing in our
sspb85-coulonfw warming scenario (Figs. 3, 4, 5, S14f-j, S17). Divergence from
ssph85-control starts in the Weddell and Amery ASBW in the 2060s, and
occurs latest in the Amundsen CDW during the 2120s. Adding the freshwa-
ter fluxes earlier (ssp585-coulonfw-40) brings forwards the onset of warming,
and results in 0.4°C warmer ASBW in the late 21st century (Southern Ocean
average 2070-2100; ssp585-coulonfw-40 relative to ssp585-coulonfw) (Fig. 4).
The gap narrows in the 2200s, to 0.1°C (Southern Ocean average 2170-2200;
ssp585-coulonfw-40 relative to ssp585-coulonfw), coincident with convergence

between the respective freshwater forcings (Fig.1).
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In the pre-industrial experiments, the response to spatially and temporally
uniform freshwater shows evident regional and temporal variability. ASBW
warms in all sectors in response to antwater freshwater forcing, but this warm-
ing does not generally extend northwards into the CDW (except in the Weddell
Sea). CDW even shows cooling in the Amundsen and Amery sectors (Fig. 3).
Unlike the other responses described above (SST, circulation), which remain
persistent in the second century of our simulations, we instead find that ASBW
warming is a transient feature that weakens or even dissipates entirely after
100 years. Similarly to the SSS responses (but again in contrast to SST), the
CDW and ASBW responses are both weaker when freshwater is distributed

south of 60°S (antwater-60s) rather than just at the coast (antwater).

Importance of timing of freshwater fluxes

The most striking result from our SSP5-8.5 simulation with highest-likelihood
freshwater forcing is the weak climate response, beyond the subsurface South-
ern Ocean. This contrasts with previous studies of freshwater forcing in
SSP5-8.5 [7, 20, 21] and other warming scenarios [4, 6, 23], which find signifi-
cant global responses. Our weak response is not attributed to a low sensitivity
of NorESM2 to Antarctic freshwater forcing in general, because in a pre-
industrial climate with 0.1 Sv antwater and antwater-60s forcings we find
responses in NorESM2 that resemble those previously documented from an
ensemble of several CMIP6 models [14, 17].

Our weak global response to freshwater forcing in ssp585-coulonfw, but
stronger response in ssp585-coulonfw-40, is perhaps unsurprising when consid-
ering changes in the native Southern Ocean freshwater fluxes—i.e., freshwater

fluxes that are simulated by NorESM2, not added as a forcing (Fig. S18). To
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illustrate this point we identify when the native and additional forcing com-
ponents of the freshwater budget increase by 0.1 Sv (Fig. 6). We choose this
threshold as 0.1 Sv forcing in the SOFIA antwater experiment is sufficient to
trigger the classic climate responses in NorESM2 as well as in many other
models [14, 17].

South of 60°S in both ssp585-control and ssp585-coulonfw, the native
freshwater flux anomaly (relative to the 1960-2014 historical period) reaches
+0.1 Sv at year 2083. For comparison, the additional freshwater forcing in
sspb85-coulonfw only reaches +0.1 Sv at 2100 (Fig. 6). The increase in native
freshwater fluxes south of 60°S is predominantly driven by increasing precip-
itation under a warming climate. This increase is mid-range when compared
to the CMIP6 ensemble in SSP5-8.5 [47], so NorESM2 is not exceptional in
this respect. Since the precipitation increase yields +0.1 Sv freshwater seven-
teen years before our additional freshwater forcing (Fig. 6a,c), our additional
forcing has little large-scale (hemispheric to global) impact. This is further
consistent with changes in the mixed layer depth, which progressively shoals
across much of the Southern Ocean even without additional freshwater forcing
in the control run (ssp585-control: Fig. 7).

In contrast, if the additional freshwater forcing arrives earlier, as demon-
strated in our sspb85-coulonfw-40 simulation, the additional forcing leads
instead of lags the increasing Southern Ocean native freshwater fluxes (Fig.
S18a-d). At 2060, when the ssp585-coulonfw-40 freshwater forcing reaches
40.1 Sv, the native freshwater budget south of 60°S in ssp585-control has
only increased by 0.05 Sv relative to the historical baseline (1960-2014; Fig.6).
Hence, the freshwater forcing does have some global-scale climate impacts, per-
sisting for several decades (e.g., Fig. 2), and with comparable characteristics

to those seen in previous studies in which freshwater forcing increases more
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rapidly during the 21st century (Fig. 1) [e.g. 7, 20, 21]. This illustrates how
the global climate response — or lack of — is critically dependent on the timing
of increases in Antarctic Ice Sheet ice loss.

The situation is very different if considering only the coastal grid cells
around Antarctica. In this much smaller region, the native freshwater budget is
dominated by sea-ice formation, which steadily declines (becomes less negative:
Fig. S18e-h) through the warming scenario, particularly from the late 21st
century onwards. By 2100, when the additional forcing reaches +0.1 Sv in
ssph85-coulonfw, the native freshwater fluxes integrated over coastal grid cells
have only increased by 0.02 Sv. The additional freshwater leads to anomalous
shoaling of the mixed layer close to the coast (Fig. 7), and associated subsurface
temperature changes in the early 2100s (relative to the ssp585-control: Figs.
3, 5). Since both the mixed-layer depth and subsurface temperature anomalies
are greatest close to the coast, we attribute these responses to a local reduction
in vertical mixing, rather than advection of an off-shelf warming signal, similar
to many previous studies (see Introduction).

Overall, our results suggest that global-scale impacts of Antarctic fresh-
water fluxes will be negligible if Antarctic Ice Sheet mass loss follows a
highest-likelihood pathway under future warming. A higher-magnitude but
lower-likelihood increase in 21st century ice loss would yield an earlier increase
in freshwater fluxes that can still trigger global surface climate responses
(cf our ssp585-coulonfw-40 experiment), consistent with previous studies
[4, 6, 7, 20, 21]. Subsurface ocean warming around Antarctica is the only
notable response analysed here that develops in the highest-likelihood ice loss
pathway, but even this is delayed until early next century in most key sectors

(Figs. 3, 4).
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Regionally-variable subsurface responses to freshwater

On average around Antarctica, we find a strong linear relationship between
decadal-scale forcing strength and ASBW warming anomaly common to both
sspb85-coulonfw and ssp585-coulonfw-40 (Fig. 8a). Notably, close alignment
between the linear relationships for both simulations suggests these decadal-
scale anomalies are most closely related to decadal-scale freshwater forcing,
with comparatively weaker influence of climate state (otherwise, we would
expect substantially different relationships for the two simulations).

A linear ASBW temperature response to freshwater around Antarctica
should provide a promising basis for parametrising feedback between fresh-
water fluxes and ASBW warming in stand-alone ice sheet models. Ocean
temperatures forcing an ice sheet model could simply be adjusted based on the
simulated ice sheet freshwater fluxes over preceding model years (similar to
Lambert et al. [16]). However, this strong Antarctica-wide relationship breaks
down to some extent in sectors of potential importance for future Antarctic
Ice Sheet evolution (Fig. 8b-k), typically due to saturation (e.g. Amundsen,
Amery) or even decline (Ross) of the regional warming signal before the peaks
in Southern Ocean or regional freshwater forcing. Nevertheless, even for the
regional warming anomalies, the total Southern Ocean freshwater forcing is
in most cases a reasonable predictor of ASBW warming, and is a better pre-
dictor than the respective regional forcing (compare correlation coefficients in
left and right columns of Fig. 8). Evidently, regional warming anomalies are
influenced strongly by continent-wide ice loss, such that local ice loss would
likely have impacts on subsequent melt in neighbouring (downstream) regions
(similar to Refs. [7, 48]).

In contrast to the variable subsurface warming responses during 2015-2200,

whether between regions or between CDW and ASBW, we highlight here
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the inter-regional convergence of temperature anomalies towards the end of
the ssph85-coulonfw simulation. During 2250-2300, regional mean ASBW and
CDW anomalies range from 0.3 to 0.7°C and 0.3 to 0.5°C, respectively (Fig.
3f-j), despite very different trajectories of the regional forcing (Fig. 1c).
Besides differing characteristics in each region’s hydrography, these com-
plex regional responses likely reflect region-to-region advection of freshening
anomalies, as previously reported in ocean simulations [49, 50]. Together, our
results suggest that freshwater-induced subsurface warming is both highly
regional and time dependent, with multi-decadal time-scale shelf warm-
ing superimposed on longer term (centennial time-scale) freshwater-induced

warming trends in the Southern Ocean.

Contrasting transient and persistent responses to

freshwater in different climate states

In the pre-industrial SOFTA experiments with temporally constant freshwater
forcing, several ocean responses (SST, lower cell overturning, ACC strength)
undergo an initial transient phase before reaching a persistent, quasi-steady
state typically after a few decades (Figs. 2a-e, S16¢,d). The responses of the
same three ocean characteristics under SSP5-8.5 warming with temporally
increasing freshwater forcing are at the most short-lived, and often negligible
(Figs. 2f-j, S16g,h). Intriguingly, the reverse is true for sea-surface salinity
south of 67°S and subsurface warming: these are characterised by a transient
response that declines or even dissipates entirely after 80-100 years in the pre-
industrial simulations, contrasting with persistent, multi-centennial responses
as discussed above for ASBW and CDW temperature in the warming scenario

(Figs. 3, S13).
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Given that pre-industrial-based experiments continue to be widely used for
understanding climate response to freshwater [e.g., 14, 17, 18], and because of
the potential importance of subsurface warming for ice shelf melt feedbacks,
this contrasting behaviour between climate states deserves further study with
additional Earth system models. Caution is likely needed in transferring infer-
ences from pre-industrial experiments to warming scenarios. Time periods used
in computing mean states of multi-model ensembles also need careful atten-
tion. For example, in a multi-model ensemble of antwater simulations, the shelf
warming at years 90-100 reported by Muilwijk et al. [14] could be interpreted
as the residual of a stronger transient response, rather than a peak response;
while AABW changes reported by Chen et al. [17] average the first 100 years

and thus integrate all phases of the responses.

Implications for ice sheet stability

As ice shelf basal melt accounts for almost half the freshwater fluxes from
Antarctica [1, 43], Antarctic Ice Sheet mass loss is highly sensitive to changes in
ocean temperature—specifically, the temperature of subsurface water masses
inflowing into ice shelf cavities. Owing to the prevalence of extensive regions
of Antarctica that are grounded below sea-level, increasing evidence highlights
the risk of major West Antarctic sectors undergoing self-sustaining retreat with
little (<1°C) or even no ocean warming above present [51-55]. Some sectors of
East Antarctica face a similar vulnerability but likely have a higher warming
threshold [54, 56]. This retreat, associated with the crossing of ice sheet tipping
points, could lead to several metres of sea-level rise that is irreversible without
transition back towards a glacial climate state. The prospect of rapid ASBW
and CDW warming around Antarctica by 2100 has already been shown as

a robust result across an ensemble of CMIP6 models under SSP5-8.5 [57].
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Similarly, our ssp585-control simulation also shows CDW and ASBW warming
across most sectors by 2100, and here we find that warming trend continues
steadily throughout the study period to 2300 (Fig. 514).

Based on recent ice sheet modelling [51-55, 58], we assess ASBW warm-
ing levels that we consider as low, medium or high risk for triggering ice sheet
tipping. We use the Amundsen Sea basins in West Antarctica and the Wilkes-
Aurora basins of East Antarctica as two examples (Section S6). In this very
simple assessment, low, medium and high risks correspond to no models, some
models and all models respectively indicating that a given amount of ocean
warming will trigger tipping and major collapse of the basin. In the Amundsen
sector our present-day climate is already classed as medium risk, and transi-
tions to high risk by the 2130s in ssp585-control (Fig. 9a). Added freshwater
brings forwards this transition, to the 2110s in ssp585-coulonfw or as early
as the 2080s in ssp585-coulonfw-40. Meanwhile, the Wilkes-Aurora basins are
likely less susceptible to ocean warming, and even with the added freshwater
(ssph85-coulonfw) could remain low risk until around the 2130s and only reach
high risk close to 2300 (Fig. 9b).

Overall we find that our simulated ASBW warming will lead to a high like-
lihood of crossing ice sheet tipping points in the next 100 years (Amundsen
sector) or next 300 years (Wilkes-Aurora sector). Nevertheless, ASBW warm-
ing remains dominated by the contribution from the SSP5-8.5 scenario itself,
and particularly in the Amundsen sector the added freshwater brings forwards
an inevitable crossing of thresholds only by a few decades. An important point
here is our undertaking of this assessment without a coupled Antarctic Ice
Sheet — it could be argued that the faster ice shelf melt induced by freshwater-

driven warming could itself enhance the warming and further advance crossing
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of thresholds. This is demonstrated by the positive correlation between fresh-
water fluxes and ASBW warming (Fig. 8). However, this feedback is potentially
weakened by eventual saturation of the warming signal as discussed above,
or by injecting freshwater at depth instead of the surface, or by latent heat
exchanges that are neglected here (Section S5 and Moorman et al. [59]). The
proximity of our climate to triggering tipping at least in the Amundsen sector
adds urgency to ongoing efforts to study this problem with coupled ocean - ice

sheet modelling.

Can we rely on freshwater forcings from stand-alone ice

sheet models?

The Coulon et al. [1] freshwater fluxes used as the basis for our additional forc-
ing are the result of a historically-calibrated ensemble of ice sheet projections,
forced with climate outputs from four Earth system models (MRI-ESM2.0,
IPSL-CM6A-LR, CESM2-WACCM, and UKESM1.0-LL). None of these has
a coupled Antarctic Ice Sheet, and so there is no representation of ice-ocean
feedbacks. As a brief indication of the extent to which this might impact pro-
jections, we compare freshwater fluxes from Coulon et al. [1] with those from a
four-member ensemble of coupled ice sheet - Earth system model simulations
[42], since the latter in our view have developed the most physically realistic
coupling between the Southern Ocean and Antarctica, amongst the small sub-
set of such models that have published SSP5-8.5 simulations (Table S1 and
Section S8). Siahaan et al. [42] and Coulon et al. [1] used different ice sheet
models, which further ensures independence of their projections. Only sub-
shelf melt fluxes were reported by Siahaan et al. [42] (their Fig 7), but as this
is the main contributor to freshwater fluxes in a warming future climate then

the comparison remains useful.
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Under SSP5-8.5 warming, we find that sub-shelf melt fluxes are initially
closely matched (Fig. S11), reflecting that model calibrations are constrained
in both cases to match recent observations. The Siahaan et al. [42] ensemble
mean then follows a lower pathway closer to the 25th percentile of Coulon et
al. [1], before increasing back towards the 50th percentile. Therefore, in this
limited assessment there is not a concerning difference in freshwater fluxes
simulated with coupled and stand-alone ice sheet models, at least to 2110.
Evidently there would be merit in extending this comparison to longer time

scales and other models as more data become available in future.

Key shortcomings and potential biases

While there are benefits of running our experiments in a global-scale Earth
system model, compromises are also required as some processes are missing,
simplified, or not resolved. We address three specific points here.

First is the idealised distribution of freshwater fluxes across the surface
of the Southern Ocean, both in the native handling of ice sheet runoff (Fig.
54) and in our additional forcing (Methods). The horizontal distribution of
additional freshwater (coast or 60°S in antwater or antwater-60s) has little
apparent impact on simulated SST anomalies under pre-industrial conditions
(Fig. 2). However, the coastal antwater forcing leads to stronger circulation and
Southern Ocean sub-surface temperature responses than the more widespread
antwater-60s forcing (Figs. 3, S16). In NorESM2, the native freshwater scheme
(Methods and Fig. S4) represents a compromise between melt and iceberg dis-
charge, given that all sub-shelf melt and over half of iceberg melt is at present
discharged over the continental shelf [60]. Meanwhile, our additional forcing in
the warming experiment, applied only at the coast, is a good representation

of future changes in freshwater fluxes since these are dominated by increases
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in surface melt and ice-shelf basal melt, both of which enter the ocean at the
coast [1].

The main discrepancy with respect to distribution is instead in the vertical
dimension: we add both native and additional freshwater fluxes at the ocean
surface, whereas in reality the ice shelf melt component should exit the ice
shelf cavities in the upper 400 to 600 m [61-64]. This aspect, which is com-
mon to many Earth system models (including some with coupled ice sheets
[12]; Section S8), has now been addressed in the new NorESM3 developed
for CMIP7. The extent to which this impacts our results in NorESM2 cannot
easily be assessed. In ocean-only simulations [65] with realistic vertical versus
surface-only freshwater inputs (R_PAR vs R_nolISF: their Fig. 9), the upper
100 to 300 m of Pine Island Bay were cooler by up to 0.7°C, while below 400 m
waters were warmer by up to 0.5°C. Several other studies have also explored
sensitivity of warming to the applied forcing distribution [13, 21, 37], typi-
cally finding weaker stratification and subsurface temperature responses with
more realistic freshwater distributions, but without explicitly isolating only
the vertical distribution at the coast.

Second is ice-ocean latent heat exchanges. Surface, ice-shelf, and iceberg
melting all consume latent heat. This is already accounted for in NorESM2’s
handling of native freshwater fluxes (Methods), but is neglected in the addi-
tional forcing. As clear in Fig. la, where there is wide divergence between
NorESM2 solid ice discharge and the Coulon et al. [1] sub-shelf plus iceberg
melt, it is the ocean melt-driven freshwater fluxes that dominate the additional
freshwater forcing we add in our warming simulation. Further, since calving
fluxes show relatively little change from 2015 to 2300 (Fig. 2 in Coulon et al.
[1]), then sub-shelf melt is the primary contributor to this additional forcing.

Latent heat for sub-shelf melting should be supplied by the ocean, leading to
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ocean cooling that extends to the subsurface [59]. This issue is discussed fur-
ther in Section S5, where we conclude that our simulated subsurface warming
is likely an upper bound.

Last is the lack of Antarctic Ice Sheet coupling. If our added freshwater
fluxes substantially impact the climate around Antarctica, we could be con-
cerned that these additional fluxes would increasingly invalidate the climate
forcing that Coulon et al. [1] used to create them—as discussed above and in
Section S8. Our added freshwater in the warming scenario has little impact
on surface climate, which remains dominated by the scenario’s greenhouse gas
forcing (e.g., Fig. S12). Therefore, we are not concerned that the surface melt-
ing contribution to our added freshwater would be substantially impacted by
missing freshwater-climate feedbacks. However, sub-shelf melting depends on
changes in ocean subsurface temperature, and this becomes influenced by our
freshwater forcing particularly after 2100 in ssp585-coulonfw (earlier in ssp585-
coulonfw-40). Although simulated subsurface warming is again dominated by
the scenario’s greenhouse gas forcing (Fig. S14), there are some exceptions.
In the Ross and Amery sectors during the early 2100s of ssp585-coulonfw,
freshwater-driven warming anomalies are comparable with the underlying
scenario-driven warming in ssp585-control. More widely in ssp585-coulonfw-
40, freshwater-driven subsurface warming outpaces scenario-driven warming
in the late 21st century.

Overall, in Earth system models lacking a coupled Antarctic Ice Sheet we
would assess that freshwater-climate feedbacks are unlikely to be problematic
through the 21st century unless following a low-likelihood, high ice loss path-
way. Beyond this timescale, we reiterate that coupled Antarctic Ice Sheet -

ocean modelling will help to better quantify these feedbacks.

829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874



875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920

Springer Nature 2021 B TEX template

20 Chandler et al.

Summary

Several responses to Antarctic freshwater forcing have become widely recog-
nised in past studies, for example sea surface cooling, circulation changes, and
Southern Ocean subsurface warming. Significant responses are often reported
even in the Northern Hemisphere. However, in our experiments where the
increasing freshwater fluxes from Antarctica evolve following high-likelihood
rather than high-end rates of Antarctic Ice Sheet mass loss under future warm-
ing, the additional freshwater forcing is comparatively small, only reaching 12
to 44% of forcings used in equivalent studies by the year 2100 (Fig. 1b). Conse-
quently we find much weaker global climate responses, confined to subsurface
ocean warming around Antarctica. This weak global response is attributed
to the increase in Antarctic freshwater forcing lagging behind an earlier and
stronger increase in the native Southern Ocean freshwater budget, predomi-
nantly caused by increasing precipitation (Figs. 6, S18). This highlights that
the climatic impacts of Antarctic meltwater depend sensitively on the timing
of meltwater increases. In Section S7 we further argue that our results are also
relevant to less extreme warming scenarios than the SSP5-8.5 scenario used
here.

The anomalous Southern Ocean subsurface warming, which is the only
response to additional freshwater that is robust across all the simulations pre-
sented here (and across many other studies), is important from an ice sheet
stability perspective. Subsurface warming that develops under SSP5-8.5 even
without added freshwater is further enhanced by increasing ice melt. This
positive feedback would push the system towards earlier crossing of ocean tem-
perature thresholds for ice sheet tipping (Fig. 9). However, even this response

is unlikely to emerge until after 2100 in most sectors (Fig. 4). Although
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freshwater-driven subsurface warming potentially leads to such positive feed-
back, we need to bear in mind that the latent heat fluxes missing from our
freshwater forcing will cool the coastal ocean adjacent to ice shelves, and
therefore could substantially weaken this positive feedback (Section S5 and
Moorman et al. [59]). It will be crucial to account for this aspect in future
freshwater forcing experiments.

The weak climate response to high-likelihood freshwater forcing implies
weak feedback between Antarctic ice loss and global climate. Our results here
suggest that the lack of a coupled Antarctic Ice Sheet in Earth system models is
a relatively minor issue in comparison to other model uncertainties on a global
scale, even if preventing accurate representation of local ice-ocean processes
around Antarctica. Judging from our results with NorESM2, we conclude that
Earth system models without an interactive Antarctic Ice Sheet can continue
to provide credible global climate projections at least to 2100, and likely longer,
but we recommend that projected Antarctic freshwater fluxes are included as

an additional forcing for a more realistic representation of regional changes.
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967 Methods

968

969 ) )
970 NorESM2 simulations

971

972 We used a version of NorESM2-MM that is very similar to the version used for
973
974
3;2 rather than non-interactive Greenland Ice Sheet [46]. Both versions show very
977 similar broad-scale responses to SSP5-8.5 forcing [66], indicating little sub-
978
979
32(1) In all NorESM2 simulations the Antarctic Ice Sheet is non-interactive and not
982 evolving. NorESM2-MM comprises a modified Community Atmosphere Model
983
984
322 Model (CISM) covering Greenland, the Community Ice Code (CICES) sea-ice
987 model, the Model for Scale Adaptive River Transport (MOSART), the Bergen
988
989
33(1) bon Cycle i(HAMOCC) model, and the Common Infrastructure for Modeling
992 the Earth (CIME) coupler. Both ocean and atmosphere are run at nominally
993
994
382 prising a 2 m thick surface layer, mixed layer, and 51 isopycnic layers. For
997 more details see the model description papers [45, 46].

998

999

1000 Antarctic freshwater fluxes in NorESM2

1001

1002 In NorESM2 the Antarctic Ice Sheet has a fixed ice volume and is effectively

1003
1004 implemented as a snow-covered mountain, with the snowpack handled by the

CMIPG6 [45] and for previous SOFIA experiments [8, 14], except with a coupled

stantial global influence of the Greenland Ice Sheet coupling at least to 2300.

(CAM6-Nor), the Community Land Model (CLMS5), the Community Ice Sheet

Layered Ocean Model (BLOM), the isopycnic coordinate Hamburg Ocean Car-

1° resolution, and BLOM uses an isopycnic vertical coordinate system com-

1882 land model (CLM5) (Fig. 52). Liquid runoff from surface melt is transported

1007 instantaneously to the ocean. To prevent unlimited snow accumulation on the
1008

1009 continent, a maximum snow thickness of 10 m water equivalent is imposed,
1010
1011
1012

and any snow accumulation in excess of that thickness is sent instantaneously
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to the ocean as a solid ice flux. This method is commonly known as snow-
capping. Both the liquid and solid freshwater fluxes from the ice sheet (L and
I, respectively) are mapped to a coastal ocean region a few grid cells wide
(Figs. S3, S4), where they are added to surface freshwater fluxes from other
processes (precipitation, evaporation, sea-ice freeze/melt).

BLOM has a fixed ocean volume, and employs a widely-used approach in
which positive ocean surface freshwater fluxes are converted to equivalent neg-
ative surface salinity fluxes. The solid ice runoff component I, representative of
iceberg calving, is assumed to melt instantaneously with a corresponding latent
heat flux removed from the surface layer. In practice under a pre-industrial or
historical climate there is very little surface melting and most of Antarctica is
permanently covered by a snow pack with maximum thickness, such that the
spatially-integrated annual freshwater flux from Antarctica into the Southern
Ocean will be approximately equal to the integrated annual precipitation P
over the continent (P =~ I). Under a warming climate, increasing surface melt
around the margins reduces the snowpack to zero. In that case, to avoid neg-
ative snow thickness, any further surface melting is replaced by extracting a
negative ice flux from the ocean (i.e., I < 0; Section S3 and Figs. Sdc, 52).
Integrated over the surrounding ocean, the result will be a positive liquid fresh-
water flux (L) that is greater than P, balanced by a negative solid ice flux and
change in snow water equivalent volume (AS) such that L+ I ~ P + AS.

In the context of freshwater hosing experiments, it is important to bear in
mind that the model’s native water cycle representation, as well as changes in
Antarctic ice discharge, will also contribute to changes in freshwater fluxes at

the ocean surface. This turns out to be a crucial aspect of our results.
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1059 Experiment design

1060

}82; The requirement to maintain a fixed ice volume prevents NorESM2’s native
1063 freshwater scheme from handling net ice sheet mass loss (beyond snowpack
1064
1065
}82(73 as an additional forcing. We do this in two sets of experiments (Table 1): one
1068 in a warming climate, and one in pre-industrial, as follows.

1069
1070
igg in 2015 and extended to the year 2300, with added freshwater to match the
1073 Coulon et al. [1] 50th percentile freshwater fluxes. The historical and SSP5-
1074
1075

1076 version of NorESM2 [46]. We start our freshwater-forced simulation (ssp585-
1077

1078 coulonfw) from the end of the historical simulation, and use the SSP5-8.5
1079
1080
1825 ulates increasing Antarctic freshwater fluxes in ssp585-control (Fig. 1a), due
1083 to increasing precipitation over Antarctica that is transferred to the ocean by
1084
1085
1086 of the Coulon et al. [1] freshwater fluxes, we only add the difference between

1087
1088 Coulon et al. and our ssp585-control. We calculate this difference individually

thickness changes), and this is the reason for imposing anomalous freshwater

In the warming experiment we run the SSP5-8.5 scenario [67], starting

8.5 simulations are already available without added freshwater fluxes in our

simulation (here called ssp585-control) as a benchmark. NorESM2 already sim-

the snow-capping scheme as explained above. Therefore, instead of adding all

}ggg for 27 Antarctic drainage basins used by Coulon et al. [1].

1091 A notable feature of our ssp585-coulonfw freshwater forcing is its relatively
iggg small magnitude through the 21st century in comparison to other studies
}83151 (Fig. 1b). To evaluate the impact of this difference and to account for the

1096 considerable uncertainty that remains in projected freshwater fluxes, we run
1097

1098 an additional SSP5-8.5 sensitivity experiment following the same method as
1099
1100
1101 (experiment ssp585-coulonfw-40: Fig. 1b). This brings our late 21st century

1102
1103 freshwater forcing closer to the Purich and England [20] low-end experiment,

1104

ssph85-coulonfw but with the freshwater dataset brought forwards by 40 years
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to the Sadai et al. [12] coupled modelling, and to the ISMIP6-based forcings
[8, 21] (Fig. 1b).

Our second set of experiments uses a pre-industrial climate and follows the
SOFIA tier-1 antwater and tier-3 antwater-60s protocols [8]. In both cases, a
temporally constant 0.1 Sv freshwater flux is added to the ocean surface layer,
uniformly distributed around (a) all coastal grid cells for antwater or (b) all
ocean grid cells south of 60°S for antwater-60s. Although such high additional
freshwater fluxes are unlikely in a pre-industrial climate, we include these
simulations to (i) evaluate the freshwater-only response of NorESM2, which
helps to separate the freshwater-only and warming-only responses; (ii) evaluate
the response of NorESM2 in comparison to several other Earth system models
within an established protocol, and (iii) evaluate the potential influence of how
we distribute additional freshwater (coast vs south of 60°S).

Given logistical constraints in NorESM2, and in common with several other
models [8], we add our additional freshwater to the surface layer of the ocean.
Also, for consistency with the widely-used SOFIA tier-1 (see below), the addi-
tional freshwater is added only to coastal grid cells. Since ice-shelf basal melt
and surface melt are projected to dominate future freshwater flux increases
[1], adding our additional freshwater to coastal cells rather than across a wider
region is not unreasonable. However, we acknowledge that freshwater derived
from ice-shelf basal melt enters the Southern Ocean over a range of depths
between the surface and 400 to 600 m [61-64], not just at the surface. We also
neglect the latent heat flux associated with the additional freshwater—this
issue is discussed further in Section S5.

NorESM2 cannot read in temporally- and spatially-varying freshwater
forcing as an input. Therefore, the ssp585-coulonfw and ssp585-coulonfw-40

simulations were run in 10-year stages each with a temporally constant (but
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1151 spatially variable across drainage basins) freshwater forcing—hence the steps
1152

1154

1155 . . .

1156 Ocean circulation and global-scale metrics

ﬂg; Global-scale ocean surface response to freshwater forcing is diagnosed using
1159
1160
1161 regions (Antarctic, Southern Hemisphere mid-latitudes, tropics, Northern
ﬂgg Hemisphere mid-latitudes, Arctic) with boundaries at £23.4°N and +66.6°N.
1164
1165
1166 34°S is defined as the maximum of the meridional overturning streamfunc-
ﬂg; tion (CMIP6 variable msftmz) at 26°N and 34°S. Southern Ocean lower cell
1169
1170
1171 based on the model’s native density coordinates yield very similar results.
ﬂzg Finally, Antarctic Circumpolar Current (ACC) strength is represented by the
1174
1175
1176
117
117
1179 \Water temperatures
1180
1181
1182
ﬂgi warming, given the potential feedback between increasing ice shelf basal melt,
1185 increasing freshwater fluxes, subsurface warming, and accelerating ice-shelf
1186
1187
ﬂgg freshwater-forced experiments (Introduction). Heat for ice shelf basal melting
1190 is supplied mainly by circumpolar deep water (CDW), which upwells onto the
1191
1192
ﬂgi shelves [68-72]. Although NorESM2 does not include ice shelf cavities, and
1195

1196

mean sea surface temperature (SST) and sea surface salinity (SSS) in five

Atlantic meridional overturning circulation (AMOC) strength at 26°N and

strength is the minimum of msftmz at 45°S. The respective streamfunctions

eastward mass transport through Drake Passage (CMIP6 variable mfo).

; Circumpolar Deep Water and Antarctic Shelf Bottom

A climate response of particular interest is the Southern Ocean subsurface

basal melt. This subsurface warming is widely observed in Southern Ocean

continental shelf and in some regions can access ocean cavities beneath ice
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at 1° resolution cannot explicitly resolve all processes contributing to pole-
wards CDW transport and transformation [72-75], changes in simulated CDW
temperature as a response to changing freshwater forcing nevertheless provide
insight into the sign of potential ice sheet—ocean feedbacks. Indeed, analy-
ses of idealized SOFIA experiments, including simulations with NorESM2,
demonstrate that robust—albeit highly regional—shelf and CDW temperature
responses emerge across models despite substantial differences in mean state,
representation of shelf processes, and horizontal resolution [14]. Thus, warming
CDW in response to increasing freshwater inputs would indicate a poten-
tially positive feedback that we do not expect to be strongly model-dependent.
Antarctic Shelf Bottom Water (ASBW) temperature on the continental shelf
provides a similar indication, and is preferred here firstly because ice shelf cav-
ity inflows are typically at or close to the shelf bottom [68, 69, 76, 77], and
secondly because ASBW is simulated with a smaller temperature bias than
CDW (Fig. S8). Although we do not resolve cavity inflows in NorESM2, it is
the water masses at these depths that are most representative of water masses
likely to drive ice-shelf basal melt. Other studies have used different choices,
e.g. vertical averages over the upper 1000 m [14] or temperature at 400 m
depth [20, 21].

CDW and ASBW temperatures are analysed here following Schmidtko et
al. [78]. For grid cells where the bathymetry is deeper than 1500 m, CDW
temperature is the temperature maximum below the winter water minimum.
For grid cells with bathymetry shallower than 1500 m, ASBW temperature is

the temperature of the deepest ocean level.
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1243 NorESM2 model bias

1244

};ig Here we summarise some relevant model biases by comparing the NorESM2
1247 historical simulation [46] with observation-based datasets. Further discussion
1248
1249
1250

1251 §outhern Ocean temperature and salinity

of NorESM2 model biases can be found in Section 5 of Seland et al. [45].

1253
1254
1255 (1) A warm- and fresh-biased upper ocean. Averaged over 45 to 65°S for
3?? the period 1960 to 2014, the NorESM2 historical SST is 0.7°C warmer than
1258
1259
1260 [80, 81], but NorESM2 performs relatively well, i.e., below the ensemble median
gg; bias when compared to a CMIP6 model subset [81]. The warm Southern Ocean
1263
1264
1265 in the southeast Atlantic and Indian sectors (Fig. 12 in Seland et al. [45]).

gg? (2) North of the Antarctic continental shelf, an open-ocean region with cold
1268
1269
1270 feature is likely associated with an excessively deep mixed layer: NorESM2 is
3% amongst the majority of CMIP6 models in which AABW formation is domi-
1273
1274
1275 The deep convection contributes to cold-biased CDW in most sectors, typi-
gzg cally by 1 to 2°C, although warm biases occur in the Amundsen, Totten and
1278
1279
1280 those found across the SOFTA CMIP6 ensemble, with many models exhibiting
};2; similar cold and fresh offshore biases and regionally warmer conditions in the
1283
1284
1285
1286
1287
1288

In the Southern Ocean we find two regions with biases of particular interest.

the ocean atlas [79] (Fig. S5). This bias is a common feature of CMIP6 models

SST leads to a negative bias in Southern Hemisphere sea-ice area, particularly

and fresh biases extends from the subsurface to the seafloor (Figs. S6, S7). This

nated by open-ocean deep convection rather than by on-shelf processes [17, 82].

Amery sectors (Fig. S8). The bias patterns in NorESM2 are broadly similar of

Amundsen and Totten sectors [14]. Despite these pronounced regional biases,
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the cold bias in CDW does not appear to propagate onto the Antarctic con-
tinental shelf; ASBW temperatures are generally reproduced reasonably well

(mostly within £1°C: Fig. S8).

Circulation

The NorESM2 ACC strength through Drake Passage is 149.34+1.3 Sv (annual
mean + 1sd, from 1992 to 2012), which is within the range of observation-based
estimates of 141£2.7 Sv (1992 to 2012: Koenig et al. [83]) and 173.3+£10.7
Sv (2007 to 2011, Donohue et al. [84]). Simulated AMOC strength at 26.5°N
of 20.74+0.7 Sv (annual mean + 1sd, from 2005 to 2014) is a little above the

observed strength of 17.14+0.4 Sv over the same period [85].

Southern Ocean freshwater fluxes

Here we highlight two potential sources of model bias arising from freshwater
fluxes: runoff from Antarctica, and precipitation over the Southern Ocean.
First, we compare simulated and observed runoff from Antarctica. Obser-
vations from 1997 to 2021 suggest ice loss from Antarctica is split quite evenly
between calving (16004520 Gt yr—!) and subshelf melt (1080+£210 Gt yr—1),
with surface runoff making a very small contribution (~10 Gt yr~!) [43, 86].
This gives a total freshwater discharge of ~27004+580 Gt yr—!. Only ~3% of
that is attributed to net ice sheet mass loss, based on recent estimates for
Antarctica (98418 Gt yr~!: Otosaka et al., [87]). Simulated ice sheet freshwa-
ter fluxes averaged from 1990 to 2014 in the NorESM2 historical experiment
[46] are 3010 Gt yr—!, partitioned as solid ice discharge (2800 Gt yr—!) and
liquid runoff (212 Gt yr=!). Overall the total fluxes compare well with the
observations, and during the historical experiment the assumption of a fixed
ice volume is reasonable. The latent heat exchange is also well represented,

since the ocean supplies heat to melt the solid ice discharge in the model, as
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1335 it does in reality to drive sub-shelf melt and iceberg melt. The main discrep-

1336
1337 ancy; as already noted above, is in the spatial distributions (both vertically and

iggg horizontally) of the freshwater fluxes and associated latent heat exchanges.

1340 Second, we compare simulated precipitation in the NorESM2 historical

1341
1349 experiment with ERA5 reanalysis [88] (Fig. 59). During the 20-year period

igii 1995-2014, annual precipitation integrated over the Southern Ocean south of

1345 60°S averaged 15000 Gt yr~! (ERA5) and 15900 Gt yr—! (NorESM2), with
1346

1347 the difference (930 Gt yr™!) equivalent to around 30% of the simulated annual
134
134
1350 overestimated precipitation in the South Atlantic and Indian sectors (Fig. S9).
1351

1352 Acknowledgments. This research was supported by Ocean Cryosphere
1353

1354 Exchanges in ANtarctica: Impacts on Climate and the Earth system, OCEAN
1355
1356
1357 gramme for research and innovation under grant agreement Nr. 101060452,
1358

1359 10.3030/101060452. OCEAN ICE contribution number 57. NorESM2 sim-
1360
1361
1362 Infrastructure for High-Performance Computing and Data Storage in Norway
1363

1364 (projects NN11028K, NS11028K).

1365

1366 .

1367 Declarations

1368

ggg The authors declare no competing interests.

1371
1372
1373
1374
1375 Freshwater flux projections from Coulon et al. [1] are available at https:

gzg //zenodo.org/records/14162776. NorESM2 simulations are archived in full,

S Antarctic ice discharge. This positive bias in NorESM2 primarily reflects

ICE, which is funded by the European Union, Horizon Europe Funding Pro-

ulations were performed on resources provided by Sigma2 - the National

Availability of data and materials

1378 a5 follows. ssp585-control [46]: https://doi.org/10.11582/2024.00079 for years
1379
1380 2015 to 2100 and https://doi.org/10.11582/2024.00081 for years 2101 to 2300.


https://zenodo.org/records/14162776
https://zenodo.org/records/14162776
https://doi.org/10.11582/2024.00079
https://doi.org/10.11582/2024.00081

Springer Nature 2021 IBTEX template

Chandler et al. 31

ssph85-coulonfw: https://doi.org/10.11582/2026.jstobra3. ssp585-coulon24-40:
https://doi.org/10.11582/2026.9iwxn4j8. piControl [46]: https://doi.org/10.
11582/2024.00082. SOFTA antwater: https://doi.org/10.11582/2026.2h99ssqz.

SOFTIA antwater-60s: https://doi.org/10.11582/2026.1hzdeqr4.

Code availability

NorESM2 code for the version used in this paper (which follows Goelzer et
al. [46]) can be found at https://doi.org/10.5281/zenodo.11199966. Jupyter
notebooks used to prepare the figures are available at https://doi.org/10.5281/
zenodo.23058031.

Authors’ contributions

PL conceived the project. DC ran the NorESM2 simulations with support from
HG and MM. DC analysed the simulations. DC wrote the manuscript with

contributions from all authors.

1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426


https://doi.org/10.11582/2026.jsto6ra3
https://doi.org/10.11582/2026.9iwxn4j8
https://doi.org/10.11582/2024.00082
https://doi.org/10.11582/2024.00082
https://doi.org/10.11582/2026.zh99ssqz
https://doi.org/10.11582/2026.1hzdeqr4
https://doi.org/10.5281/zenodo.11199966
https://doi.org/10.5281/zenodo.23058031
https://doi.org/10.5281/zenodo.23058031

Springer Nature 2021 B TEX template

32 Chandler et al.

1427 Figures and tables
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472



Experiment Climate & Additional Antarctic freshwater Notes
duration
ssph85-control SSP5-8.5 None Run by Goelzer et al. [46]
2015-2300
ssp585-coulonfw SSP5-8.5 Coulon et al. [1] in coastal grid cells. This study
2015-2300 Spatially & temporally variable.
ssph85-coulonfw-40  SSP5-8.5 Coulon et al. [1] 40 years earlier, This study
2015-2260 in coastal grid cells.

Spatially & temporally variable.

picontrol Pre-industrial ~ None Run by Goelzer et al. [46]
500 years

antwater Pre-industrial 0.1 Sv, in coastal grid cells. This study, following SOFIA protocol.
205 years Spatially & temporally constant.

antwater-60s Pre-industrial 0.1 Sv, distributed south of 60°S. This study, following SOFIA protocol.
200 years Spatially & temporally constant.

Table 1 Experiment design. Pre-industrial and SSP5-8.5 forcings follow respective CMIP6 protocols [67, 89], with the added Antarctic freshwater
forcing as the only change. SOFIA protocols are described by Swart et al. [8]. In all cases the freshwater is added to the ocean surface layer (see

Methods).
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—— ACCESS-ESM1.5 (Purich & England, 2023)
CESM2 (Gorte et al., 2023)

—— HadGEM3-GC3.1-LL (Thomas et al., 2023)
CESM1.2-PSU3D with coupled ice sheet
(Sadai et al., 2025) )

= NorESM2 ssp585-coulonfw (this study)
NorESM2 ssp585-coulonfw-40 (this study)

—— Amundsen
— Weddell
—— Amery
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Other
—— Solid lines: ssp585-coulonfw
Dotted lines: ssp585-coulonfw-40
O Circles: antwater (Pl climate)
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Fig. 1 Simulated or additional Antarctic Ice Sheet freshwater fluxes in this and previous stud-
ies. (a) Simulated freshwater fluxes in NorESM2 ssp585-control [46] and in stand-alone ice sheet
model projections [1]. Shading shows interquartile ranges of the ice sheet projections. Fluxes
are partitioned as surface melt runoff (NorESM2 friver), and sub-shelf melt plus iceberg calv-
ing. These latter two processes are analogous — although not exactly — to solid ice discharge
in NorESM2 (variable ficeberg). The additional freshwater forcing in our NorESM2 ssp585-
coulonfw experiment is total Coulon et al. [1] (surface melt + calving + sub-shelf melt) minus
total ssp585-control (friver + ficeberg). (b) Comparison of additional freshwater fluxes applied
in this and previous studies under RCP8.5/SSP5-8.5 climate warming. These are: Bronselaer
et al. [4] (cyan) who use DeConto et al. [24] freshwater fluxes; the SOFIA ssp585-ismip6-water
protocol [8] (black); Purich and England [20] high and low experiments (blue); Gorte et al.
[7] who use DeConto et al. [25] freshwater fluxes (pink); Thomas et al. [21] who use ISMIP6
freshwater fluxes [33] (green); coupled Earth system - ice sheet modelling here shown as the dif-
ference with minus without a coupled Antarctic Ice Sheet [12] (purple, 5-year running means);
and NorESM2 ssp585-coulonfw (red) and ssp585-coulonfw-40 (orange) (both this study). In
NorESM2, the freshwater forcing was prescribed as successive 10-year averages (hence the
stepped lines), reflecting the implementation of the time-varying forcing (Methods). The blue
circle marks the 0.1 Sv (3154 Gt/yr) freshwater anomaly prescribed in SOFIA antwater and
antwater-60s [8], but note those experiments use pre-industrial climate. (c) Our freshwater flux
anomalies partitioned by region (see map in Figure 4), in simulations ssp585-coulonfw (solid
lines) and ssp585-coulonfw-40 (dotted lines). Circles again show equivalent forcings in the 0.1
Sv antwater/antwater-60s protocols.
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Fig. 2 Regional mean sea surface temperature anomalies in simulations with additional
Antarctic freshwater forcing. Anomalies are relative to respective controls without additional
freshwater forcing. Left panels show the pre-industrial simulations (antwater and antwater-60s)
as anomalies relative to picontrol; right-hand panels show SSP5-8.5 scenarios (ssp585-coulonfw,
ssp585-coulonfw-40) as anomalies relative to ssp585-control. Time series are smoothed with a
5-year running mean. Note different scales on the y-axes.
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Fig. 3 Circumpolar Deep Water (CDW) and Antarctic Shelf Bottom Water (ASBW) temper-
ature anomalies in simulations with additional Antarctic freshwater forcing. Left panels (a-e)
show the pre-industrial simulations antwater and antwater-60s; right-hand panels (f-j) show
SSP5-8.5 scenarios sspb85-coulonfw and ssp585-coulonfw-40. CDW and ASBW temperatures
are diagnosed following Schmidtko et al. [78] and are plotted as regional averages south of 60°S
over the five sectors (Weddell, Amundsen Sea, Ross Sea, Wilkes-Auroa basins, Amery) shown
in Fig. 4. Vertical shading indicates time periods illustrated in Figs. 4 and S17.
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Fig. 4 Simulated Antarctic Shelf Bottom Water (ASBW) temperatures and temperature
anomalies under different climates. ASBW is diagnosed as the temperature of the deepest model
level in grid cells with bathymetry shallower than 1500 m. The shaded map shows ASBW
temperature in the historical simulation [46] averaged from 1960 to 2014. Insets show ASBW
temperature anomalies in key sectors of the Southern Ocean as indicated by the shaded regions.
The three experiments shown in the insets are: antwater (blue bars) averaged over years 30
to 60 and 130 to 160, relative to piControl; and ssp585-coulonfw (red) and ssp585-coulonfw-40
(orange) averaged over years 2070-2100 and 2170-2200, relative to ssp585-control.
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Fig. 5 Vertical profiles of potential temperature averaged over the period 2100-2150 in the
warming experiment with additional freshwater fluxes (ssp585-coulonfw). Temperatures are
anomalies relative to ssp585-control, in the Southern Ocean (a) and in five sectors (b-f, sector
locations are shown in Fig. 4). Contours show potential density o1 with (solid) and without

(dashed) additional freshwater.
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Fig. 6 Native Southern Ocean surface freshwater budget and additional forcing in the SSP5-
8.5 scenario. The three warming experiments are ssp585-control with no additional freshwater
fluxes (black); ssp585-coulonfw with additional freshwater fluxes from Coulon et al. [1] (red);
and the sensitivity experiment ssp585-coulonfw-40 with earlier freshwater fluxes (orange). Here
the native freshwater fluxes comprise precipitation, evaporation, sea-ice melt and ice sheet runoff
simulated by NorESM2, integrated over two regions: the Southern Ocean south of 60°S (a), and
the Antarctic coastal grid cells (b). The additional freshwater forcing added to coastal grid cells,
which is not included in the native freshwater budget, is shown in (c). Horizontal dashed lines
mark the 1960 to 2014 mean of the historical experiment [46], and the blue arrow marks a +0.1
Sv (3156 Gt yr~!) increase above that historical baseline. Vertical dotted lines indicate the year
in which the native freshwater budget (a,b) or additional forcing (c) increases by 0.1 Sv (blue
shading and arrow) above the historical baseline. Native freshwater fluxes are smoothed over a
5-year window. Individual components contributing to the total budget are shown in Fig. S18.



Springer Nature 2021 IBTEX template

Chandler et al. 39

1960-2014 2050-2100 2150-2200

o 50
s -
5 100 £
[¥) [a]
Q 150 %
0 200
. 250
)

300
2 -
c o E
2 20 3
S 5
3 5
9 ° F
i E

—20
0 F
0 -402
"

Fig. 7 Mixed layer depth in the SSP5-8.5 warming simulations. In the top row we show 50-year
means of the annual maximum mixed layer depth in ssp585-control [46] for three time periods
(1960-2014, left; 2050-2100, middle; 2150-2200, right). In the bottom row we show anomalies of
the same variable in ssp585-coulonfw relative to ssp585-control, for the two later time periods.
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Fig. 9 Assessed risk of ocean warming-driven ice sheet tipping. As Antarctic Shelf Bottom
Water (ASBW) warms, the risk of crossing ice sheet tipping points increases. Thresholds for
tipping remain uncertain, and here are based on an ensemble of ice sheet modelling studies
(Section S6). In the low risk zone (green), ASBW temperature remains below the tipping
threshold in all ice sheet models. In the high risk zone (red) the ASBW temperature has exceeded
the tipping threshold in all those models. Tipping is inconclusive, i.e. model-dependent, in the
medium risk (orange) zone. (a) The Amundsen Sea sector of West Antarctica includes Pine
Island and Thwaites glaciers. (b) The Wilkes-Aurora sector of East Antarctica includes Cook,
Ninnis and Mertz glaciers draining the Wilkes subglacial basin and Totten Glacier draining the
Aurora subglacial basin.
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