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M Check for updates

Human-caused climate change worsens with every increment of additional warming,
although some impacts can develop abruptly. The potential for abrupt changesis far
less understood in the Antarctic compared with the Arctic, but evidence is emerging
forrapid, interacting and sometimes self-perpetuating changes in the Antarctic
environment. A regime shift has reduced Antarctic sea-ice extent far below its natural
variability of past centuries, and in some respects is more abrupt, non-linear and
potentially irreversible than Arctic sea-ice loss. A marked slowdown in Antarctic
Overturning Circulation is expected to intensify this century and may be faster than
the anticipated Atlantic Meridional Overturning Circulation slowdown. The tipping
point for unstoppable ice loss from the West Antarctic Ice Sheet could be exceeded
even under best-case CO, emission reduction pathways, potentially initiating global
tipping cascades. Regime shifts are occurring in Antarctic and Southern Ocean
biological systems through habitat transformation or exceedance of physiological
thresholds, and compounding breeding failures are increasing extinction risk.
Amplifying feedbacks are common between these abrupt changes in the Antarctic
environment, and stabilizing Earth’s climate with minimal overshoot of 1.5 °C will be
imperative alongside global adaptation measures to minimise and prepare for the
far-reaching impacts of Antarctic and Southern Ocean abrupt changes.

Human-caused climate warming has the potential toresultin abrupt irreversible impacts when tipping-point thresholds are exceeded in
and sometimes unanticipated impacts on physical and natural systems,  large-scale (>1,000 km) parts of the Earth system'’; however, regime
which develop substantially faster than changesin their recent history.  shifts also more broadly encompass abrupt physical and natural
Abrupt, large and persistent changes can be described as regime shifts, changes that do not fall within the tipping point definition. Recently,
where a system undergoes a critical transition to move to a quantifi-  the usefulness of the tipping points framework has been questioned
ably different state! . Regime shifts may be difficult to reverse owing  owingtoits oversimplification of abrupt change dynamics across differ-
to self-amplifying feedbacks, including ongoing committed changes  entsystems, and itsinefficacy in fostering meaningful climate action®.
evenafter climate stabilizationis achieved, posing challenges to adap- Inthis Review, we use an abrupt change framework, focusing on evi-
tive capacities of natural and human systems®*. Insome cases, regime  dence for the system behaviours that are indicative of emerging regime
shifts describe substantial, widespread, frequently abrupt and often  shiftsand tipping dynamicsinthe Antarcticenvironment. The rapidly
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Review

growing body of scientific evidence from Antarcticaand the Southern
Oceanindicates that some elements of the Antarcticenvironmentare
probably more vulnerable to abrupt, self-amplifying and potentially
irreversible changes in awarming climate than their more extensively
studied Northern Hemisphere equivalents. We review advances that
have been made since the sixth assessment cycle of the Intergovern-
mental Panel on Climate Change’'°, drawing together multiple lines
of evidence, including recently observed changes, process under-
standing, pre-observational reconstructions and future simulations.
We focus on Antarctic sea ice, Antarctic Overturning Circulation,
Antarcticicesheetsandice shelves, and Antarcticand Southern Ocean
biology (Extended Data Fig. 1), demonstrating the interacting and
globally significant abrupt changes that are emergingin the Antarctic
environment.

Antarcticseaice

The amount of sea ice surrounding Antarctica has declined precipi-
tously over the past decade (Fig.1). Abrupt sea-iceloss around Antarc-
tica developed following a small but statistically significant increase
fromthe start of satellite observationsin 1978 to the satellite era peak
in Antarctic sea-ice extent in 2014". This increase was attributed to
enhanced sea-ice formation due to surface ocean freshening'?, and
by northward wind-drift caused by strengthening westerly winds™>™*
including due to spring/summer ozone depletion that has recently
stabilized owing to the success of the Montreal Protocol®”. Theincrease
in Antarcticseaice up to 2014 was also characterized by strong regional
compensation where areas of expansive sea ice, to some degree, bal-
anced concurrent areas of reduced seaice'. Since 2014, there has been
amedian poleward contraction of the sea-ice edge around Antarctica
by around 120 km (Fig. 1b). In 2023, the interquartile range of sea-ice
extentanomalies around the Antarctic continent spanned from -174 km
(southward) to +17 km (northward) of the 1981-2010 monthly median.
Thiswidedistribution demonstrates that regional variability remains
animportant characteristic of Antarctic seaice, but this regional vari-
ability hasbeen occurringin a declining mean state over the past dec-
ade. The Antarctic average monthly sea-ice extent has frequently been
more than 2 standard deviations (20) below the 1981-2010 mean since
2017", and frequently more than 3o below since 2023 (Fig.1a). During
therecord-breaking low coverage of 2023, the sea-ice extent anomaly
inJuly (Fig.1c) reached more than 7o below the 1981-2010 daily clima-
tology'®. The remarkable loss of Antarctic sea ice over the past decade
suggests that either aregime shift to anew sea-ice state is underway’*?,
or that the satellite record is insufficient to fully characterize the natural
range of sea-ice variability.

Sea-ice reconstructions spanning the past century or more dem-
onstrate that recent ice loss is exceptional in the context of natural
variability (Fig. 1d and Extended Data Fig. 2). A seasonally resolved
1905-2020 reconstruction® of Antarctic sea-ice extent lies almost
entirely withinthe +3orange of observed 1981-2010 variability (Fig. 1d
and Methods). By contrast, the observed winter (June-August) mean
anomalies of 2023 fell below —60, far exceeding reconstructed twenti-
eth century variability. The observed annual sea-ice extent anomaly in
2023 was alsobelow —60based on1981-2010 variability, and far beyond
the range of reconstructed Antarctic sea-ice variability over the past
three centuries® (Extended Data Fig. 2a). Together, the independent
long-term perspectives of multiple reconstructions®?* (Fig.1d and
Extended Data Fig. 2) demonstrate that the exceptional recentloss of
Antarctic seaice has moved this system far below its range of expected
natural variability.

Recent Antarctic sea-ice loss may represent anintensification of the
long-term decline that occurred through the twentieth century. This
decline is replicated through observation-based statistical* (Fig. 1d)
and Bayesian reconstructions®* (Extended Data Fig. 2b); model assimi-
lation reconstructions informed by observations®and palaeoclimate
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proxy networks? (Extended Data Fig. 2a); and regional process-based
reconstructions from multiple sources (Extended Data Fig. 3). In the
satellite record of Antarctic sea ice, the long-term declining trend is
obfuscated by the 2007-2016 anomalously high sea-ice state® and
possibly also by unusually low sea-ice extent in the late 1970s when
satellite observations began®?*, The rapid transition to a low sea-ice
statearound 2016 brought Antarctic seaice in line with a continuation
ofthetwentieth centurylinear trend, consistent with the superposition
of along-term decline and decadal variability* (Fig. 1d and Extended
DataFig. 2), but the decline in 2023 was far more extreme and may
indicate an acceleration of Antarctic sea-ice loss.

Multiple early warning indicators®”?® point to the recent Antarctic
sea-ice decline being part of a system regime shift. First, variability
in Antarctic sea-ice extent has increased since 2007", with summer
sea-ice variability doubling from 2007-2023 compared with 1979-
2006 and suggesting that sea ice is approachinga critical transition®.
The longer-term perspective from sea-ice reconstructions confirms
that the recent increase in monthly, seasonal and annual variability
of Antarctic seaice is exceptional in the context of natural variability
during the past several centuries (Fig. 1e and Extended Data Fig. 2).
Increased persistence (autocorrelation) of Antarctic summer sea-ice
areaisasecondindicator that this systemislosing resilienceto recover
from perturbations as it approaches an abrupt critical transition®,
and reconstructions strengthen evidence that the recent increase in
persistence represents a structural change in the sea-ice system?*.
Increased coherence in sea-ice anomalies between regions is a third
early warning indicator of a regime shift underway in Antarctic sea
ice'®®, and therecently observed increased regional coherence is unu-
sual in the long-term context of reconstructed regional sea-ice vari-
ability (Extended Data Fig. 4). This change in regional behaviour may
reflect theimportance of widespread ocean warming on recent, persis-
tent Antarctic sea-ice declines**?**3° compared to the atmospheric
processes that dominated regional variability during the twentieth
century™™* (Extended Data Fig. 4). Since 2016, thinning of Antarctic
winter sea ice has resulted in earlier retreat that has increased ocean
surface warming and delayed the formation and thickening of seaice
the following winter™. This self-perpetuating process strengthens evi-
dence connecting recent Antarctic sea-ice loss with ocean warming'®*
and supports statistical evidence of aregime shiftin Antarctic seaice.

Antarctic sea-iceloss over the past decade hasrivalled Arctic sea-ice
declines (Fig.2 and Extended Data Fig. 5), and may also have a greater
potential for irreversibility (Extended Data Figs. 6 and 7). The abrupt
decline in the Antarctic winter sea-ice maximum since 2014 has been
4.4 times faster than the decline in the Arctic sea-ice maximum since
1979 (Fig. 2a and Extended Data Fig. 5). In effect, this means that Ant-
arctic winter sea-ice loss over the past decade is of similar magnitude
to the total Arctic winter sea-ice loss over the past 46 years. Similarly,
the decline in the Antarctic summer sea-ice minimum since 2014 has
been 1.9 times faster than the summer sea-ice decline in the Arctic
over the past 46 years (Fig. 2b and Extended Data Fig. 5). The more
rapid recent decline in Antarctic summer sea ice, combined with the
fact that there is climatologically less summer seaice around Antarc-
tica compared with the Arctic, means that if current trends were to
continue Antarctica could become essentially sea-ice-free in summer
sooner thanthe Arctic (Fig. 2b). Arctic sea-ice loss has frequently been
included in global tipping-point syntheses**, but is assessed to not be
atipping element owing to its linear response to global temperature
change and potential reversibility in climate recovery scenarios’® (Fig. 2
and Extended DataFig. 6). By contrast, multi-century commitments to
Southern Ocean warming® mean that even after climate stabilization is
achieveditis possible that Antarcticseaice will continue to declineand
ice-free summers willbecome more prevalent* (Extended DataFig. 7),
though thisimportantfinding requires verification across other Earth
system models®?¢, Climate assessments have placed low confidence on
simulated future changes in Antarctic seaice owing to the divergence
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Fig.1| Context oftherecent Antarcticsea-ice decline. a, Antarcticsea-ice
extentanomaliesin satellite observations relative to 1981-2010 monthly mean
climatology. Opencirclesindicate monthly anomalies in excess of +2oand
filled circlesindicate those in excess of +30. b, Median (blue line) monthly
anomalies andinterquartile range (grey lines) in the sea-ice edge compiled for
the maximum northerly extentin2°longitudinal sectors around Antarctica,
calculated relative to 1981-2010 monthly median.In 2023 the median sea-ice
edge around Antarctica had contracted 61 km southward relative to 1981-2010
conditions, and the sea-ice edge distribution was significantly different (P< 0.01;
Wilcoxonrank sum test) from any previous year since satellite observations
began. c, Map showingsea-ice extent for July 2023 (red line) relative to
1981-2010July median (blue line). Red (grey) shading shows regions where the
sea-iceedgeinjuly 2023 was farther South (North) than the 1981-2010 median.
d, Historical context of Antarctic sea-ice extent seasonalanomalies froman

of observations and models during the satellite era®’. However, recent
sea-ice loss now brings observed Antarctic sea-ice change into closer
agreement with model results®. We propose that the overwhelming
evidence of a regime shift in Antarctic sea ice will probably now see
the expected human-forced decline in Antarctic seaice dominate the
internal variability of this system.

observation-based reconstruction® (red; Methods), shown alongside satellite-
derived sea-ice extent (blue). Thick, dark curves show 7-year LOESS filters of the
seasonal data, and dashed red line shows the reconstructed twentieth century
linear trend (0.43 + 0.06 million km?decline from 1905 t01999). Datasets
plotted relative to their 1981-2010 mean, and grey shading shows 3o range of
observed seasonal sea-ice extent anomalies over 1981-2010. Out of the 464
seasonsinthe1905-2020 ‘best-fit’sea-ice reconstruction (shown), only 3
exceeded the +3o0level of observed 1981-2010 climatology, and none fell
below -30. Across all reconstruction members?, only 16 of the 3,480 seasons
fallbelow -30 (Methods). For comparison, 7 out of 8 seasons since summer
2022/23 have been below -3, and winter of 2023 was below -60. e, Moving
seven-year standard deviation of seasonal sea-ice observations (blue) and
reconstruction (red), plotted at the final season of each seven-year window.

Abrupt Antarctic sea-ice loss over the past decade has shifted this
system away fromits natural behaviour of past centuries (Figs.1and 2
and Extended Data Figs. 2-5), with evidence for self-perpetuating
processes as sea-ice thins and ocean heat uptake increases® that may
beirreversible even at less than 2 °C global warming (Extended Data
Fig.7).Implications of this abrupt sea-ice loss are widespread. Sea-ice
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Fig.2| Comparisonof Antarctic and Arcticsea-ice changes. a, Satellite
record of annual maximum sea-ice extent for Antarctica (September) and the
Arctic (March). Thinlinesindicate linear trends since 2014 (Antarctica) or 1979
(Arctic). For further context, moving decadal trends are shown in Extended
DataFig.5.b, Asinabut for the annual minimum sea-ice extentin Antarctica
(February) and the Arctic (September). Grey shading indicates sea-ice-free

decline can amplify climate warming by reducing the reflectivity of
high-latitude regions to incoming solar radiation®. Diminishing sea
ice has contributed to the Arctic warming at nearly four times the
global average®. The influence of sea-ice change as a climate ampli-
fier depends on the albedo of the sea-ice surface, cloud cover, and
the timing and latitude of sea-ice change. Antarctic sea-ice changes
generally occur further equatorward than thosein the Arcticowingto
the differing polar geographies. As such, Antarctic sea-ice loss has the
potential to cause larger changesin energy reflected from the surface.
The climate warminginfluence (thatis, positive radiative effectanoma-
lies) of Antarctic sea-ice loss is evident following the abrupt shift to a
low sea-ice state since 2016, and radiative effect anomalies generated
by Antarctic sea-ice loss are now equivalent to those associated with
Arcticsea-ice loss® (Fig. 2c). The intensity of the radiative forcing effect
from Antarctic sea-ice loss now has the potential to enhance summer
ocean heat uptake*° and amplify regional warming in Antarctica and
the broader Southern Hemisphere**2, The current regime shiftin Ant-
arctic seaice mightalso promote abrupt changes in other parts of the
Antarctic and Southern Ocean system (Extended Data Fig. 1); includ-
ing through its potential to reduce dense shelf water production****,
enhance winter ocean heat loss and Southern Ocean storminess®,
increase wave disturbances that affect ice-shelf stability*®, and trigger
catastrophic tipping points for dependant species and ecosystems*"*%,

Antarctic Overturning Circulation

The global ocean meridional overturning circulation is a large-scale
system of ocean currents that have a crucial role in regulating Earth’s
climate by transporting heat, carbon, nutrients and oxygen. Changes
inmeridional overturning circulation strength have driven past abrupt
climate changes, and a strong overturning circulation has beenkey to
Earth’s climate stability over the past 11,000 years*. The global over-
turning circulation is often described as having two ‘cells’; an upper
cell sourced in the Atlantic, overlying a lower cell originating from
the Southern Ocean. The Atlantic Meridional Overturning Circulation
(AMOC) cell forms cold and salty dense waters in the North Atlantic
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conditions (<1 million km?), and it has been assessed that the Arcticis likely to
experience an essentially ice-free summer® at least once before 2050. ¢, Annual
radiative effect anomalies® associated with sea-ice change in the Arctic

and Antarctic, expressed as anomalies relative to 1981-2010 means (thin
horizontalline).

thatsink and circulate around the global ocean at depth. The AMOC is
awell-established tipping element™’, and itis very likely thatan AMOC
slowdown will occur this century? and collapse is considered as likely
as not by 2300’. The Antarctic Overturning Circulation cell involves
the production of dense shelf waters around the Antarctic continental
margin (Fig.3a), which then overflow down the continental slope into
the abyssal ocean as Antarctic Bottom Water*® (Extended Data Fig. 1).
Global climate models consistently project a slowing or collapse of
the Antarctic Overturning Circulation under a warming climate®°"%
(Fig. 4b). However, confidence in these climate models to assess Ant-
arctic Overturning Circulation change has been limited by unrealistic
openoceantop-to-bottom convection that characterizes the modelled
overturning® 3, Other limitations include uncertainties in modelled
Antarctic sea-ice change®, and the absence of interactive ice sheets or
shelves and their associated meltwater inputs around the Antarctic
coast'****, These limitations have resulted in Antarctic Overturning Cir-
culationbeing described as a potential but uncertain tipping element®.

Sea-ice formation drives the production of dense shelf waters, and
thus the Antarctic Overturning Circulation. When seawater freezes to
formseaice, rejection of salt causes the ocean surface water to become
heavier and sink. Production of these dense shelf waters is known
to occur in four areas around the Antarctic continent—the Weddell
Sea, Cape Darnley/Prydz Bay, the Adélie Land Coast and the Ross Sea
(Fig.3a). Productionis maintained by katabatic winds that push seaice
away from the coast, resulting in semi-permanent areas of open water
(polynyas) where seaice is formed® (Extended Data Fig. 1). Variations
insea-ice formation have been linked to variationsin Antarctic Bottom
Water productionin the Ross Sea**, and a decline in sea-ice formation
hasbeen suggested as aprimary cause for an observed 30% slowdown
in bottom water production in the Weddell Sea since 1992* (Fig. 3b).
Wenote thattherecentrapid declinein Antarctic sea-ice extent (Fig.1)
does not imply areduction in sea-ice formation in all areas of dense
water production around coastal Antarctica. This is because sea-ice
extent is related to ice formation, transport and break-up* and the
main regions of observed sea-ice loss are at the northern boundary of
the sea-ice zone, far from dense water production regions.
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Fig.3|Observed and modelled changesin Antarctic Overturning Circulation.
a, Bottom water formation regions around the Antarctic coast (red shading) are
accurately capturedinahigh-resolution (0.1°) ocean-seaice model (ACCESS-
OM2-01)"", Arcs denote the longitude range of observations from the Australian
Antarctic Basinsector (green) and the Weddell sector (blue) thatare showninb.
Panel aadapted with permission from Ruth Moorman. b, Changesin Antarctic
Overturning Circulation are shown for observations from the Weddell sector

Melting of ice sheets and ice shelves adds freshwater to the coastal
ocean around Antarctica and is another mechanism with potential to
generate anabruptdeclinein Antarctic Overturning Circulation. Melt-
ing ofice shelves and calving of icebergs in West Antarctica has resulted
in sustained ocean freshening in the Ross Sea since the 1950s*. This
is thought to have caused the 30% decline in Antarctic Bottom Water
transport in the Australian Antarctic Basin (downstream of the Ross
Sea production region) observed since 1994 (Fig. 3b). Accelerating
iceloss from West Antarctica could cause cessation of Ross Sea dense
shelfwater production by mid-century®. This vulnerability is supported
by interannual-forced simulations of a high-resolution model that
accurately simulates dense shelf water production around coastal
Antarctica, which suggest production can cease altogether during
mild winters®. In this same model, the addition of meltwater to the
surface oceandrives aprojected 42% decline in Antarctic Bottom Water
formation by 2050 in a high-warming scenario® (Fig. 3b). Similarly,
high meltwater forcinginacoarser resolution ocean model generates
anear complete shutdown of Antarctic Bottom Water production this
century®*. This evidence suggests that a rapid and substantial slow-
down in Antarctic Overturning Circulation is already underway, with
observations suggesting that modelled rates of future decline may be
underestimated>**® (Fig. 3b).

Palaeoclimate evidence identifies that the Antarctic Overturning Cir-
culation has undergone substantial changes over centennial, millennial
and glacial-interglacial timescales. Multiple factors influence dense
shelfwater production around Antarctica, and thus the palaeoclimate
response is not uniformly related to global temperature changes. Dur-
ing glacial periods, cooler conditions and expanded Antarctic seaice
resulted in Antarctic Bottom Water that was colder and much saltier
than today®®®.. This very dense water expanded to fill more of the global
oceanowingto reductionsin North Atlantic Deep Water formation®®®,
and was also more sluggish, resulting in older®, less-ventilated® and
more CO,-rich® bottom waters. In the Weddell Sea, there is evidence
of abrupt transitions where dense water production ceased during the
last two glaciations owing to expansion of the Antarctic Ice Sheet across
the Weddell Shelf production region®. During the Last Deglaciation,
apronounced episode of Antarctic Ice Sheet retreat contributed to a

since1992* (blue) and the Australian-Antarctic Basin sector since 1994°% (green),
aswell as the circum-Antarctic CMIP6 multi-model mean across 18 models
expressed as the change in the abyssal cell strength relative to the 1981-2010
baseline (black, with tlomodelspreadin grey), and the ACCESS-OM2-01

model (asina) forced with anthropogenic forcings and Antarctic meltwater
expressed as the change in abyssal cell strengthrelative to the control run®
(red) (Methods).

rapid sea-level rise event known as Meltwater Pulse 1A°. Modelling
suggests the addition of freshwater from ice-sheet loss during this
event significantly reduced® or shutdown®® Antarctic Bottom Water
formation. In past interglacials, when temperatures were as warm or
warmer than today and the Antarctic Ice Sheet was less extensive®®°,
marine sedimentsindicate abrupt stagnation of Antarctic Overturning
Circulationlasting several thousand years®>”*"2, During the Last Inter-
glacial thisis thought to have been caused by coastal freshening due to
Antarctic Ice Sheet melting and retreat””?. Modelling studies further
suggest thatreduced sea-ice formation during warm conditions of the
Last Interglacial contributed to the weakened Antarctic Overturning
Circulation at this time’. Palaeoclimate evidence thus increasingly
points to the potential for abrupt transitionsin Antarctic Overturning
Circulation, with differing processes dominating in different climate
states. Evidence for slowdown or stagnation of Antarctic Overturning
Circulationrelated toreduced sea-ice extent and enhanced freshwater
inputs from ice-sheet loss during rapidly warming past climates is of
particular concern given recent and projected changes in Antarctica.

Advances in observations, process-based understanding, model-
ling and palaeoclimate evidence, suggest the Antarctic Overturning
Circulation is already undergoing rapid change at current warming
levels and will continue to declinein the 21st century. This decline may
be even more abrupt than the equivalent Northern Hemisphere pro-
cesses, withone study indicating the decline in Antarctic Bottom Water
transport by 2050 could be more than double the decline in AMOC
strength®, This rapid decline in Antarctic Overturning Circulation
may be related to the close proximity of Antarctica’s ice shelves and
marine-grounded parts of the Antarctic Ice Sheet to dense shelf water
productionregions. A decrease in Antarctic Bottom Water production
increases the temperature and transport of warm Circumpolar Deep
Water onto the Antarctic continental shelf>>”, This is the dominant
process driving observed basal ice-shelf melt in the Amundsen Sea
sector and Wilkes Land””°, and this process may now be develop-
ing along other parts of the East Antarctic margin®°. This ocean-ice
interaction is accelerating meltwater input to the coastal ocean and
increasing ocean stratification, further inhibiting Antarctic Bottom
Water production. During the Last Deglaciation, the positive feedback

Nature | Vol 644 | 21 August 2025 | 625



Review

a Susceptibilities

Adélie
o Land

Recovery Glacier

Pine Island Glacier
Thwaites Glacier

Marie Byrd Land

Fig. 4 |Indicative maps delineating Antarcticice-sheetregions that may
bevulnerable to abrupt change. a, Regions with properties that promote
susceptibility of theice sheet (purple). b, Regions currently undergoing
observable changesinice sheets (blue).c, The product of these two maps
(orange) accentuates areas where ongoing changes combined with pre-existing

between Antarctic Overturning Circulation and Antarctic Ice Sheet
stability caused episodes of rapid ice loss that contributed to Meltwater
Pulse 1A%, Increases in ice-shelf melt in the Amundsen Sea region are
already unavoidable this century under all future emission scenarios
owing to subsurface warming driven by changes in ocean circulation”,
and regime shifts to warm-water conditions are possible under most
Antarctic ice shelves in high-warming scenarios®..

Slowdown or collapse of the Antarctic Overturning Circulation would
lead to widespread climate and ecosystem impacts. The slowdown
may already have had direct, observable impacts on warming® and
deoxygenation® of the deep Southern Ocean. Antarctic Overturn-
ing Circulationis a critical component of the global carbon cycle that
amplified global climate changes over past glacial-interglacial cycles
by altering the amount of CO, stored in ocean and atmosphere res-
ervoirs®#2 Today, the complex interplay between outgassing of old
carboninupwelling deep water, and absorption and biologically medi-
ated storage of carbon within newly formed bottom waters, resultsina
net drawdown of CO, from the atmosphere into the Southern Ocean®.
However, as the overturning circulation slows this balance may shift,
reducing the Southern Ocean’s ability to sequester anthropogenic
CO, and generating an amplifying feedback that intensifies climate
warming over multiple centuries®. Other far-reaching consequences
of Antarctic Overturning Circulation slowdown arise through the
associated increased transport of Circumpolar Deep Water onto the
Antarctic continental shelf, driving ice-shelf and ice-sheet loss with
global consequences for sea-level rise. Increasing meltwater in the
surface ocean around Antarctica also impacts global climate; most
notably by delaying (onthe order of adecade or so) the exceedance of
the 2 °C warming threshold specified in the Paris Agreement’*%¢, and
by causing enhanced drying over Southern Hemisphere continents, a
northward shift of the Intertropical Convergence Zone, and reduced
drying of the Northern Hemisphere®”,
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susceptibilities are likely to generate the least stableregions of the ice sheet
by enabling positive feedbacks that make the ice sheet vulnerable to rapid
destabilization and tipping behaviour. The fields underlying the mapped
susceptibilities and observed changes are detailed in Extended Data Fig. 8.

Antarcticice sheets andice shelves

It is well recognized that the Antarctic Ice Sheet is prone to tipping
dynamics"®. The most vulnerable region is the West Antarctic Ice Sheet
(WAIS; Fig.4). A critical threshold for WAIS collapse is estimated around
2 °C global warming above pre-industrial temperatures®, and a partial
collapse could occur for lower temperatures®. Tipping dynamicsin the
WALIS are primarily driven by the marine ice-sheet instability (MISI),
where ocean-driven melting and loss ofice-shelf buttressing in marine
basins (areas with bed topography below current sea level) initiate a
positive feedback betweenirreversible grounding-line retreatandice
loss® %!, Marine basins in the Fast Antarctic Ice Sheet are also suscep-
tible to tipping dynamics®, although substantial ice loss from these
regions might be avoided®??if global warming is limited to below 2 °C.
Tipping behaviour in the non-marine basins of East Antarctica would
require the surface melt-elevation feedback to be triggered, and is not
expected to be initiated below 5 °C of global warming>¥’.

The Last Interglacial provides valuable constraints for abrupt Ant-
arcticice-sheet behaviours under sustained warming similar to present
day conditions. Indirect evidence suggests that sectors of Antarctica
experienced large-scale retreat under global surface temperatures
~1°C warmer than pre-industrial conditions, contributing to global
sealevels 6 metres or more above present®. Recent sea-level estimates
aresmaller®, butstillimply Antarcticice loss contributions”. Octopus
DNA suggests that an open seaway existed through the West Antarctic
interior during the Last Interglacial®, consistent with WAIS collapse,
althoughice-core sea-saltlevels indicate the Ronne Ice Shelf remained
largely intact and collapse was confined to the Amundsen sector®. The
ice-sheet margin in Wilkes Subglacial Basin (Fig. 4) is also thought to
have retreated during parts of the Last Interglacial®”. Proxy-informed
simulations indicate the combined effects of Last Interglacial ice-sheet
elevation lowering and meltwater inputs caused strongly non-linear



subsurface warming around the Antarctic margin that could have rein-
forced ice-shelf and ice-sheet loss®®. These combined effects allow
palaeoclimate evidence to be better reconciled with past sea-level
estimates without invoking ice-cliff failure processes®®®’.

Since the 1990s, mass loss from the Antarctic Ice Sheet hasincreased
almost sixfold'®, with major losses concentrated in marine basins'° %,
Icelossisattributed toincreased ocean heat available inice-shelf cavi-
ties, drivingice-shelf thinning and calving”®”°, and consequent dynamic
ice loss'®*1%7, Several studies have hypothesized that MISl is already
underway in some West Antarctic basins'® ™2, Interdecadal climate
variability may account for arecent slowdown in grounding-line retreat
inthe Amundsen sector™®, demonstrating theimportance of regional
climate factorsinshort-termpredictability of ice-sheet change. Current
WAIS grounding-line retreat might be reversible if subsurface ocean
warmingis not sustained™, although thisis unlikely” and irreversible
retreat of the WAIS could be initiated on multi-centennial timescales
(and unfold over millennia) under prolonged present day climate condi-
tions™. Inidealised ice-sheet model experiments where all ice shelves
are removed, full WAIS collapse can occur over only 500 years™, Ulti-
mately, timescales of irreversible retreat, once initiated, will depend
onthe amount of additional warming beyond the tipping threshold"’.

Ice-shelf collapse acceleratesice-sheet loss™®, and can be caused by
multiple processes. Inaddition to basalice-shelf melting and thinning
from ocean warming’®, surface melt caused by atmospheric warming
can lead to hydrofracturing that weakens ice shelves™'?°, Hydrofrac-
turing is implicated in the collapse of several Antarctic Peninsulaice
shelves since the 1980s'?, with consequent acceleration of upstream
ice flow>** The non-linear response of surface melt to increasing
temperature means that melting is projected to become prevalent
oniceshelves around Antarcticaif global warming reaches 4 °C higher
than pre-industrial temperatures, making 34% of currentice-shelf area
vulnerable to hydrofracture-induced collapse'*. However, surface melt-
water on Antarctic ice shelves is underestimated in observations and
models, forexample, owing to the omission of saturated snow and firn
(slush) processes?. Other important processes for ice-shelf collapse
arebecomingapparent. Storm-driven break-up of the Conger-Glenzer
Ice Shelf?#1?° (Fig. 4) in 2022 was the first observed major ice-shelf
collapsein East Antarctica, and thefirst collapse event Antarctic-wide
where surface melt was not apparent.

Abrupt changes, including the onset of irreversible tipping behav-
ioursinthe Antarctic Ice Sheet, cannot be determined from the rate of
retreat or ice loss alone. Critical thresholds in grounding-line retreat
can be identified using quasi-equilibrium numerical model simula-
tions® and reversibility experiments®*1513° The onset of irreversible
retreat could be anticipated using early warning indicators from critical
transitions theory?”?, as applied to Pine Island Glacier®. However, the
theoretical basis for early warning indicators can only be meaningfully
applied to systems close to equilibrium, which is not the case for the
Antarctic Ice Sheet. Furthermore, early warning approaches cannot
predict the timing of crossing a tipping point, only that a critical tran-
sition is approaching, and observational limitations can lead to false
positives in detection™.

Earthsystemmodelsareincreasingly incorporatingice-sheet compo-
nents to capture coupled atmosphere-ocean-ice-earth behaviours*'*
andimprove sea-level projections. A major challenge to skilful projec-
tionsis the dynamic nature of ice-sheet coupling. For example, pinning
points on an ice shelf can become unanchored as the ice shelf thins,
locally decoupling the ice-sheet and solid-Earth systems. This pro-
cessis associated with rapid acceleration and ice loss in the Antarctic
Peninsula, Amundsensector, and AuroraSubglacial Basin over recent
decades™ (Fig.4). Another exampleis the increasing susceptibility of
marineice-sheet grounding zones over time, whereby melting due to
warm ocean water intrusion beneath the ice sheetleads to grounding
zone widening, strengthening sensitivity of ice loss to ocean warming'.
By contrast, solid-Earth and gravitational processes might provide

anegative feedback that stabilizes currently retreating grounding
lines™®, particularly in West Antarctica where low mantle viscosity
could drivesolid-Earth rebound on decadal timescales™'*%, Conceptual
network approaches ofinteracting tipping elementsindicate that the
WAIS caninitiate global-scale tipping cascades™ owing to its relatively
low critical thresholds™°, demonstrating that improved predictability
of Antarctic ice-sheet tipping behaviours is critical to improving the
predictability of abrupt and potentially irreversible changes globally.
In understanding the vulnerability of Antarctica to abrupt change,
boththe susceptibility of theice sheet and nature of currently observed
changes must be combined (Fig. 4, Extended DataFig. 8 and Methods).
We define susceptibility in terms of ice dynamic, bed and boundary, and
solid-Earth properties that enhance tendencies towards abrupt behav-
iours (Fig.4a), and observed changes in terms of atmospheric forcings
andicedynamicresponses (Fig. 4b). Regions of greatest vulnerability
(Fig. 4c) encompass those with the largest uncertainties in simulated
ice-sheet evolution to 2100*, characterized as: marine basins; areas
where active subglacial hydrology systems are present™?; and where
large heterogeneities exist in basal conditions'. In these regions, ice-
solid Earth interactionsimpacted by bed topography™*'*, geothermal
heat™***” and upper mantle viscosity'*3'* may be pivotal in determin-
ing how vulnerable regions evolve in response to a warming climate.

Antarctic and Southern Ocean biology

The impacts of sustained climate pressures are becoming clear for
many Antarctic biological systems'®%"%!, Risks of abrupt change may
be deduced from observed biological regime shifts and knowledge of
adaptive capacity and thresholds of the unique biology of the Antarc-
tic region. Non-climatic stressors that may add to risks for rapid and
widespread biological losses include human pressures and disease,
including the current outbreak of avian influenza™>'**, Observed or
anticipated regime shifts in biological systems are described here for
three key operating mechanisms: habitat transformations, reproduc-
tive failures, and exceedance of physiological thresholds.

Habitat transformation leading to abrupt biological regime shifts
has been documented in Antarctic terrestrial and marine systems,
with associated ‘winners’ and ‘losers’. Abrupt physical changes, includ-
ing ice-shelf collapse™ and sea-ice loss', have led to local regime
shifts in benthic shallow marine communities where filter feeder,
ascidian-dominated communities are rapidly replaced by macroal-
gae dominated communities™. This response is due to increases in
light'>, changesinsedimentation™¢"*® and increased disturbance from
icebergscour™ "8 Observed transformations in benthic systems have
frequently resulted in a reduction in biodiversity'®. In terrestrial bio-
logical systems of the Antarctic Peninsula, warming has resulted in
rapid and self-perpetuating greening through colonisation of previ-
ouslyice-covered or bare ground by mosses, algae and flowering plants
(including invasive species)*'°, However, actual rates of greening
may have been slower than interpreted from satellite imagery' and
highlight the need for ground-truthing changes inferred by remote
monitoring. The spread of flowering plant species is expected to be
further perpetuated by increasing reproductive capability of the plants
themselves'®. Antarctic browning is being observed in other regions
through the declining health of moss beds due to extreme desicca-
tion caused by reductions in moisture availability from precipitation,
blowing snow or meltwater flow'**'¢*!¢* In East Antarctica, local habitat
dryingisleadingtoreplacement of an Antarctic specialist moss with a
cosmopolitan species', and is an example of potentially irreversible
change to ecosystem structure'®,

Biological losses have potentially irreversible consequences where
theyresultinwidespread and repeated breeding failures thatincrease
extinction risks (Fig. 5). To breed, emperor penguins rely largely on
stable land-fast sea ice (known as fast ice) between March or April to
January. Many regions of multi-year fast ice are now transitioning to
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Fig.5|Impacts of early fast-ice breakout on emperor penguin breeding are
compoundingintimeand space.a.Emperor penguin colonies, whereincreased
or complete breeding failure has beeninferred fromsatellite imagery of early
fast-ice break-up since the summer of 2016-2017 (2016/17). b, Map showing
locationand most recent year ofimpact for the affected colonies. Datainaare
arranged by longitude around the Antarctic continent; crossesindicate where
colonies nolonger exist owing to sustained open water; and year colours are
applied consistentlyina-c. c,d, The number of colonies affected in each year (c)
hasincreased as the extent of fastice around Antarctica has decreased (d),
shown here for March (approximately summer minimum). The March fast-ice
dataset'®is currently only available until 2022, but fast-ice conditions have
remained at historically low levelsin 2023 and 2024 (A. Fraser, personal
communication).

seasonal fastice, and this shiftis expected to continue'®® with potential

for extinction of emperor penguins by 2100%%'’, Since 2016, satellite
imagery has documented colony-scale breeding failure events'>'¢8
(Fig.5a-c). Theincreasing number of affected coloniesincludes breed-
ing failure events that are compounding in time and space, and early
fast-ice break-up before the chick fledging period is now observed
in colonies around the whole Antarctic continent, independent of
latitude. Of the 60+ known colonies, 30 have experienced increased
or complete breeding failure events since 2016 due to early fast-ice
loss, and 16 colonies have suffered two or more such events (Fig. 5a-c).
In 2022, complete regional-scale breeding failure was observed for
the first time in the Bellingshausen Sea*. In some regions, emperor
penguins have moved to alternate breeding sites after habitat loss or
multiple years of breeding failure'*'*°, Other species also depend on
Antarctic seaice and fastice for breeding, including leopard, Ross and
crabeater seals, krill* and Antarctic silverfish'”. Seaice is also critical
for Adélie penguins during their annual moult, and sea-ice loss risks
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adult survival”’. These observed impacts highlight the potential for
reduced survival capacity of some Antarctic ice-dependent species
(andthe higher trophic predators that rely onthem) under the current
regime shiftin Antarctic seaice and expected ongoing future climate
changes.

Southern Ocean marine species that live south of the Polar Frontare
adapted to extreme low temperatures and are thought to be highly
susceptible to ocean warming. Diatoms are keystone phytoplankton
inthe Antarctic marine food web and have asymmetric thermal perfor-
mance curves, with mortality occurring within aless than2 °Cwindow.
Increasesinocean surface temperaturein coming decades, including
abruptandintense marine heatwave events'”2, may exceed the thermal
summer maximum of many diatom species'”. Iron stress observed
inaround 80% of the open Southern Ocean further exacerbates the
vulnerability of diatoms by reducing their tolerance to warmer tem-
peratures. Ocean acidificationis acompounding climate stressor on
the physiological limits of phytoplankton and other Antarctic marine
species™¢, Machine learning trained on historical pigment samples
deconvolvedsatellite chlorophyll a changes within the seasonal sea-ice
zone to identify a significant decline in diatom productivity by 18%
over the past 26 years'’, whereas less-grazed phytoplankton groups
have increased in abundance by 6-10%. This regime shift in South-
ern Ocean phytoplankton species has coincided with declines in krill,
which preferentially feed on diatoms'”’. Inaddition to their key role in
ecosystem function, Southern Ocean phytoplanktondrive the export
of carbon into the ocean interior and account for about 20-30% of
the global ocean CO, drawdown'. Through this mechanism, exceed-
ance of phytoplankton physiological limits has the potential for global
impacts by reducing CO,drawdown and exacerbating human-caused
climate warming.

Global context of abrupt Antarctic change

Short observations and large magnitude natural climate variability
have hampered the systematic assessment of abrupt Antarctic changes.
The unique geographies of Antarctica and the Southern Ocean fur-
ther complicate this by enabling two-time-scale processes that can
delay the onset of expected human-caused climate impacts in this
region'7?182 Multiple aspects of human-caused climate change are
now driving physical and biological changes in the Antarctic region
and increasing the chances of generating regime shifts in the Antarc-
tic environment (Fig. 6). These climate pressures include long-term
increases in ocean heat, atmospheric warming, changes in atmospheric
circulation, sea-level rise and ocean acidification, as well as the manifes-
tation of these trends in extreme events. For example, collapse of the
Conger-Glenzer Ice Shelf in March 2022 has been linked to an intense
atmospheric river and heatwave event in East Antarctica through the
associated strong winds and high swells thatimpacted the ice shelf'.
Such extreme events may make abrupt changes more likely to occur
(as has been argued for the Arctic)'® by transforming slowly growing
climate pressures into abrupt and potentially irreversible changes in
the Antarctic environment.

There are multiple interactions between the emerging abrupt
changes in Antarctica and the Southern Ocean (Fig. 6). For example,
positive (amplifying) feedbacks connect destabilization of marine-
grounded parts of the AntarcticIce Sheet to the slowdownin Antarctic
Overturning Circulation through meltwater forcing and subsurface
ocean warming. This amplifying feedback is of critical concern as
the Antarctic is characterized by large areas of marine-grounded ice
and extensive ice shelves that are vulnerable to the marine ice-sheet
instability and are in close proximity to areas of dense shelf water pro-
duction. Some interactions within the Antarctic environment are still
uncertain, including when and where the regime shiftin Antarctic sea
ice might alter dense shelf water production, and it is possible that
the dominant process will vary by region or change over time. Overall,
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most anticipated interactions between different parts ofthe Antarctic  changesinthe Antarctic environment are therefore expected to have

environment are reinforcing, such that they will exacerbate changes  global consequences, including the potential to initiate™ and contrib-
being driven by human-caused climate changes (Fig. 6). Similarly, most  ute to cascades of abrupt change>"**'84,
ofthe feedbacks from Antarctic changes back onto global climate are Multiple approaches are needed to improve the predictabil-

expected to amplify human-caused climate changes (Fig. 6). Abrupt ity of abrupt and potentially irreversible changes in the Antarctic
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environment (Extended Data Fig. 9). Priorities for improving obser-
vations include new satellite missions, autonomous technologies and
targeted field campaigns to better identify critical thresholds for spe-
cies and biological systems, resolve the processes above and beneath
seaice andice shelves, and characterize potentially vulnerable but
largely unstudied regions of the Antarctic Ice Sheet. Incorporating
multiple lines of evidence from pre-satellite information is critical
to contextualizing the current regime shift in Antarctic sea ice, and
evaluating the ability of climate models to reliably simulate Antarctic
sea-ice changes. Reconstructions and modelling of ocean and ice-sheet
behaviour during warm intervals of Earth’s past may aid identifica-
tion of vulnerable regions, the timescales over which destabilization
might occur, long-term commitments expected under climate stabiliza-
tion, and constrain the processes involved in abrupt changes. Recent
advances have demonstrated the need for dynamically coupled ice
sheets and a highly resolved coastal ocean in Earth system models to
capture critical processes that will determine future abrupt change of
the Antarctic ocean-cryosphere system, as well as the importance of
extended, multi-model simulations to elucidate long-term commit-
ments for Antarcticand Southern Ocean change. Improved knowledge
and predictability of abrupt changes in the Antarctic environment is
crucial for guiding policy that supports adaptation to, and where still
possible avoids, future abrupt changes in the Antarctic region.

Avoiding abrupt changesin Antarcticaand the Southern Ocean would
have global benefits in limiting climate change impacts and improving
prospects for successful adaptation to already unavoidable changes
suchasglobal sea-level rise”. Existing policy responses (Fig. 6) through
the Antarctic Treaty Systeminclude the management of growing human
impacts in Antarctica, sustainable management of Southern Ocean
fisheries, and the establishment of terrestrial and marine protected
areas'®* % These local to regional-scale policy actions may have
some benefits in delaying passing critical thresholds for biological
systems, but will not delay or avoid regime shifts and tipping points
in the ocean-cryosphere system. Several geoengineering ‘fixes’ have
been proposed to potentially slow warming and avoid catastrophic
ice loss in Antarctica (and the Arctic), but none of these pass objec-
tive evaluations of suitability to be deployed in coming decades and
many of the proposed fixes are environmentally dangerous'’. The only
assured way of reducing the risk of abrupt changes in the Antarctic
environment is to make rapid and deep CO, emission reductions this
decade, and achieve true net zero emissions this century™® withina
remaining global carbon budget™’ that allows for as little overshoot
of 1.5 °C as possible'”. Even if this ambitious climate change mitiga-
tion is achieved through international cooperation and national to
regional-scale implementation'®®, the long-term commitments for
Southern Ocean warming® mean that climate stabilization between
1.5°Cand2 °Cmay not be sufficient to avoid some abrupt and possibly
irreversible changesinthe Antarctic environment. This necessitates the
inclusion of unknown-likelihood, high-impact outcomes® that account
for potentialimpacts of abrupt Antarctic changes among the plausible
futures thatare used toguide adaptation responses and build resilience
for the future climate impacts our world will face.
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Methods

Satellite sea-ice data used in this paper are derived from the National
Snow and Ice Data Centre (NSIDC). We use the Sea Ice Index v.3.0 for
sea-ice extentinthe Southern Hemisphere (Figs.1and 2 and Extended
Data Figs. 2 and 5), Northern Hemisphere (Fig. 2 and Extended Data
Fig.5), Antarctic regions (Extended Data Fig. 4), and sea-ice extent
monthly and 1981-2010 median shape files*? (Fig. 1b,c, and Extended
Data Fig. 4). Datasets accessed at https://nsidc.org/data/g02135/
versions/3. The NSIDC defines sea-ice extent based on grid cellswhere
the concentrationofseaiceis15%or greater. The gridded NSIDC sea-ice
concentration data from the Climate Data Record (CDR) passive
microwave v.4 dataset' for the Southern Hemisphere were used
to calculate sea-ice extent for proxy-based reconstruction regions
using the area sum of grid cells exceeding 15% sea-ice concentration
(Extended Data Fig. 3). Datasets were accessed at https://nsidc.org/
data/g02202/versions/4.

We express sea-ice anomalies relative to a1981-2010 climatology.
This follows World Meteorological Organisation (WMO) recommen-
dations to use a30-year long interval as a reference climatology, with
1981-2010 representing the earliest possible WMO ‘climatological
standard normal’ interval that is possible for satellite-derived sea-ice
observations which beginin1978.

Sea-iceradiative effect

Figure 2c uses data from the MERRA-AnnVar analysis of ref. 38 for the
Northern Hemisphere (Arctic) and Southern Hemisphere (Antarctic),
using monthly and annually varying atmospheric fields of the MERRA2
dataset. Other versions of the sea-ice radiative effect based on different
datasets produce comparable results to those shown in Fig. 2c. Data
accessed by personal request.

Historical sea-ice data and proxy-based reconstructions

The sea-ice extent reconstruction used in Fig. 1d,e is derived from
atmospheric temperature and pressure observations as well as indi-
ces of climate variability?'*, using the best-fit reconstruction for total
Antarctic sea-ice extent. The reconstructions are derived at seasonal
resolution from 1905 t02020. Of the 464 seasons in the best-fit sea-ice
reconstruction, none fall below -3¢0 of the observed 1981-2010 clima-
tology. Across all ensemble members of the total Antarctic sea-ice
reconstruction there are 3,480 seasons, and only 16 fall below -3¢0
of the observed 1981-2010 climatology (and none are below —60). In
comparison, 7 out of the 8 seasons since summer 0of2022/23 have had
sea-ice anomalies below -3¢ of the observed 1981-2010 climatology,
4 out of 8 have been below —40, 3 out of 8 have been below 50, and 1
(winter of 2023) has been below —60. Reconstruction datasets accessed
at https://doi.org/10.6084/m9.figshare.c.5709767.

The annual resolution Southern Hemisphere sea-ice extent recon-
struction from1700-2000 that is used in Extended Data Fig. 2ais based
onanetwork of Antarcticice-core and Southern Hemisphere tree-ring
proxy records assimilated with theisotope-enabled Community Earth
system model®'®, The dataset accessed at https://doi.org/10.5281/
zeno0do.7966209 provides the ensemble mean reconstruction and
the standard deviation across the ensemble members, but does not
include all reconstruction ensemble members.

The monthly resolution Antarctic total sea-ice extent reconstruction
from 1899-1978 used in Extended Data Fig. 2b is based on historical
climate observations that are used alongside the satellite sea-ice extent
record (the reconstruction prior) in a Bayesian framework to gener-
ate 2,500 equally plausible reconstructions of Antarctic sea ice?**1%,
Across the 2,392,500 reconstructed months (957 months for 2,500
reconstruction members), only 0.52% of months have anomalies below
=30, only 0.0016% of months have anomalies below -60, and only 1
month has an anomaly below the -7.3clevel that was observed in July
2023. Data accessed at https://doi.org/10.5281/zenod0.7971734.

Regional sea-ice reconstructions used in Extended Data Figs.2and 3
arederived fromthe observationalrecord of fast-ice duration fromSouth
Orkney™"'%8 (dataset accessed at https://doi.org/10.5285/0313090c-
373e-4e2e-97f2-6cd0d4138e75); methanesulphonic acid (MSA)
record from the Ferrigno ice core?% (dataset accessed at https://
doi.org/10.5285/1f44795b-e596-433c-b69f-caf674880daa); Antarctic
Peninsulastack of ice-core MSA records®”’; and the Law Dome (DSS) ice-
core MSA record®®>?% (dataset accessed at https://doi.org/10.26179/
5bf4b43fd4f45).

Seaice under climate stabilization scenarios

Extended DataFigures 5 and 6 use datafrom net-zero emissiondriven
simulations®, including the associated data repository at https://
doi.org/10.5281/zen0do.13168507.

Antarctic Overturning Circulation

Observed and modelled changesinthe Antarctic Overturning Circula-
tionare expressed as % change metrics to facilitate comparisons across
the different datasets (Fig. 3).

Observed changes in the Weddell sector are based on observed
percentage changes in Antarctic Bottom Water volume (from Table 1
of ref. 43). The percentage change over 1992-2020 is expressed as
the average of CTD sections A12 and SR4 (-28.6% and -20.9%), while
the uncertainty range is expressed as the sum of uncertainties (4.4%
and 3.9%). Observed changes in the Australian-Antarctic sector over
1994-2017 are based on observations of Antarctic Bottom Water trans-
port (from Fig. 4 of ref. 58), expressed as a percentage change based
onthe1994 transport.

Modelled changes in Antarctic Overturning Circulation are defined
as the strength of the abyssal cell of the overturning streamfunction
(minimum below 2,500 m, 0-60°S). The CMIP6 multi-model mean and
+lomodel spread is calculated across 18 models, where change in the
abyssal cell strengthis calculated relative to the 1981-2010 baseline. We
alsoshow the Antarctic Overturning Circulation for a high-resolution
(0.1°) ocean-sea ice model (ACCESS-OM2)> that represents Antarc-
tic Bottom Water via realistic dense shelf water overflows, run with
anthropogenic forcings and Antarctic meltwater over 2001-2050. The
ACCESS-OM2 circulation is expressed as the % change in abyssal cell
strength relative to the control run.

Antarctic Ice Sheetindicative susceptibilities
We calculate indicative spatial vulnerability (Fig 4c) as:

Vulnerability = [X(susceptibility above threshold)]
x [Z(observed change above threshold)]

Susceptibility factors (Fig. 4a), thresholded to Boolean values,
include: bed slope above the continental median (BedMachine)?®*;
ice-shelf buttressing (PISM)"¢; bed below present sea level (Bed-
Machine)***; Pliocene ice extent?*; geothermal flow above 58 mWm™
(ref. 147); and sedimentary basin likelihood above median?°®.
Observed change variables (Fig. 4b), also thresholded to Boolean
values, comprise: albedo reduction above median amplitude?”; air
temperature increase (RACMO)?°; surface lowering?®; surface mass
balance change above median from the least square trend 2022-1979
(RACMO02.3p2)*%8; ice-flow acceleration (MEaSUREs v.2)'°"%'%; and mass
loss (GMB; TUD 2024)*", Each continuous variable is converted to
Boolean (1/0) by applying median thresholds, except for marine ice
sheet (physical threshold of present sea level), surface lowering (nega-
tive values), temperature increase (positive values), and ice-flow accel-
eration (positive values). Vulnerability (Fig. 4c) aggregates these as the
product of summed susceptibility and change components. For this
indicative appraisal, the detailed datasets have been smoothed using
a30 km Gaussian kernel. Each threshold map is shown in Extended
DataFig. 8.
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Emperor penguin data

Figure 5a-c shows years and locations where colonies experienced
early fast-ice breakout events prior to chick fledging that would have
resulted inincreased or complete breeding failure of the colony. Breed-
ing failureis inferred from satellite-derived imagery from days where

colonies are not obscured by cloud cover. Data compiled from various
Studies47,153,168,169,212,213

Fast-ice data

Figure 5d shows Antarctic fast-ice extent in early to mid March (the
fast-ice minimum) from 2000 to 2022. Data are derived from figure
13 of ref. 166, based on datasets available at https://doi.org/10.26179/
g5pp-z960 and https://doi.org/10.26179/5d267d1ceb60c.

Software

Analysis and figures for Figs. 1, 2 and 5 and Extended Data Figs. 2-7
were produced using MATLAB (R2024a) software. This included using
the M_Map mapping package™* and the Climate Data Toolbox®*. NCL
(v.6.6.2) was used to produce Fig. 3b. The Python package agrid®®
was used to calculate and visualise ice-sheet vulnerability (Fig. 4 and
Extended Data Fig. 8).
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Extended DataFig.1|Schematic of key components of the Antarctic environment that are discussed in thisreview.
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Extended DataFig. 2 | Paleoclimate and historical context for recent
Antarcticsea-ice change. a, Antarctic sea-ice extent anomaly at annual
resolution for satellite observations (purple)*>and a proxy assimilation-based
reconstruction (orange) spanning1700-2000 that is derived from assimilation
of SouthernHemisphereice-core and tree-ring paleoclimate records with
coupled climate model simulations? (Methods). This reconstructionis fully
independent of the Fogt reconstruction (Fig.1d,e) initsinput dataand
methodology, andisalso not trained to the observational sea-ice record. Thick
curvesshowa7-yearloess filter of the ensemble meanannual reconstruction,
orange shading shows the standard deviation of the reconstructionensemble,
and dashed brown line shows the 20th century linear trend (0.28 + 0.04 million
km?decline from 1900 t01999) of the sea-ice reconstruction. Both datasets are
plotted relative to their 19981-2000 mean (note the reduced reference interval
to calculate anomalies due to the reconstruction ending in2000), and grey
shading shows the +30 range of observed annual sea-ice extent anomalies over
1981-2010. Observed Antarctic annual sea-ice extent anomalies exceed -60

relative to1981-2010 climatology during 2023. Lower section shows the
moving 7-year standard deviation of the annual sea-ice observations (purple)
andreconstruction (orange), plotted at the final year of each 7-year window.
b, asinabut for aBayesianreconstruction of monthly sea-ice extent anomalies
from1899-1978 based on historical climate observations (orange)®*.

Plot shows the 1st of the 2,500 plausible reconstruction members, and all
reconstruction members are considered equally likely. Across the 2,392,500
reconstructed months (957 months for 2,500 reconstruction members), only
0.52% of months have anomalies below -30, only 0.0016% of months have
anomaliesbelow -60, and only 1 month has an anomaly below the -7.3c level
whichwas observedinjuly 2023. The 20th century linear trend of the 1st
ensemble memberisa0.18 + 0.05 millionkm?decline in Antarctic sea-ice
extent from1900-1999, and the median (5" to 95" percentile range) of 20"
century trends across allensemble membersis adecline of 0.47(0.01t0 0.92)
millionkm?.
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Extended DataFig. 3 |Regional reconstructions of Antarcticsea-ice
maximum changes. Annual ice-core chemistry records'*?°*?°2and historical
observations™’ (orange) that have been shown to beindicative of August-October
sea-ice extent (purple) for different regions around Antarctica (Methods). Left
column: Maps show the location of the proxy record (orange stars) and the
longitudes over which each proxy represents sea-ice extent (purple arcs). Right
column: Thicklines show 7-year loess filters of the annual data and dashed brown
linesshow 20th century linear trends on the reconstructions. Reconstruction
regions arebased on assessments of statistically significant process-based
relationships®?* and scaling of the y-axes is based on the geometric mean
regression between the proxy/historicaland observed datasets. These regional

1700 1725 1750 1775 1800 1825 1850 1875 1900 1925 1950 1975 2000 2025

reconstructions have been used to estimate that the August-October maximum
insea-ice extent contracted southwardsin the Bellingshausen, Weddell and
Indian Oceansectors by around 0.5°t01.2° (or around 56 to 133 km) during the
20th century?®?”, The timing of sea-ice decline is not consistent across these
sectors, emphasising the regional variability of Antarctic seaice inaddition to
thelong-term circum-Antarctic trends. Widespread Antarctic summer sea-ice
decline during the 20th century, with regional variability, hasalso beeninferred
based on shipping charts and whaling catch records?*??, Notable regional
variability isalso evidentin the Ross Seasector, where the Ferrignoice core
estimates a1° northward expansion of winter sea-ice extent during the 20th
Century”’ (Extended Data Fig. 4).
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Extended DataFig. 4 |Changing regional Antarctic sea-ice variability.
Comparison of observed maximum (August-October) sea-ice extentinthe
Weddell (60°W-20°E) and Ross Sea (160°E-130°W) sectors, alongside

20th century indicators of August-October sea-ice extent derived from the
South Orkney fast-ice duration observations'®’ and the Ferrignoice-core
methanesulphonicacid (MSA) record®’ (Methods). Bar direction/colour is
plotted relative to the 1981-2010 mean of each record, and lines show a 7-year
loessfilter of the annual data. Correlation values give details of the changing
relationship between sea-ice variability in the Weddell and Ross regions
betweenthe20th and 21st centuries. Map shows sea-ice extentin September
2023 (red) compared to the 1981-2010 September median (grey). Red (grey)
shadingindicates regions withsea-ice extentless (more) than the 1981-2010
median. Purplearcsindicate the longitude ranges of the Weddell and Ross sea
regionsinthesatellite sea-ice data'®?. Orange arcsindicate the longitude ranges
where the Ferrignoice core and South Orkney observations (stars) have a
statistically significant relationship with August-October sea-ice extent'**2!,

The pre-satellite dataadd evidence to the unusual recentincrease in coherence
of Antarcticsea-ice anomalies between regions'®?°. Ice core and historical
records confirm that opposing August-October sea-ice extent variability
(r=-0.18, p =0.08 for annual reconstructions) and trends (r=-0.20, p=0.05
for 7y filtered reconstructions) were a persistent characteristicbetween the
Weddelland Ross sectors throughout the 20th century”’. The anticorrelation
betweentheseregional reconstructions over1900-1999is also evidentinsatellite
observations of August-October sea-ice anomalies between the Weddell and
Rosssearegions (r=-0.36, p=0.10,1979-1999). These compensating regional
sea-ice anomalies have diminished through the satellite era’®, and during the
21stcentury asignificant positive relationship has now developed between
August-Octoberseaiceinthe Weddell and Ross seas (r = 0.44,p=0.03,
2000-2024). This change inregional behaviour may reflect the increasing
importance of widespread ocean warming onrecent Antarctic sea-ice declines
this century™?° compared to the atmospheric processes that dominated
regional variability in Antarctic seaice during the 20th century'2°'%%,
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Extended DataFig.5| Comparison ofdecadal trendsin AntarcticandArctic maximumacrossthesatellite era. For the sea-ice minimum (right), persistent
sea-ice extent. Satellite record of annual maximum (left) and minimum (right) decadal-scaleloss has occurredin the Antarctic for alldecades ending from

sea-ice extent for Antarctica (purple) and the Arctic (blue), asin Fig.2. Thin 2017 or later, and ice loss during the decades ending in2022 and 2023 was more
lines (upper panels) indicate linear decadal trends calculated across the length abruptthanany decadal loss trends in the Antarctic sea-ice maximum during
ofthesatellite record, which are also plotted as moving decadal trends (lower thesatellite-era. However, recent decadal declines in the Antarctic sea-ice
panels) withrespectto the end-year of the decadal windows. The decadal loss minimum are notas abruptas therate of ice loss for the Arctic sea-ice minimum

trendsinthe Antarctic sea-ice maximum (left) for windows ending from2018or  thatoccurredinthe decadesending between2007 and 2012.
later are more abrupt and persistent than decadal trendsin the Arctic sea-ice
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column: Evolution of global mean surface temperature (yellow-red curves) ice-free conditions as defined by sea-ice extent less than 1 million km?. Arctic
and Arcticsea-ice extent (light to dark blue curves) under net-zero emission sea-ice maximum (March) and minima (September) show strong linearity with
scenariosrunfor1000 years after branching from avery highemissionsscenario  global meansurface temperature and no long-term commitments for sea-ice
(SSP5-8.5; black curves). Net-zero scenarios were branched every 5 years from decline after net-zero emissions are achieved, indicating that Arcticseaice
2030t02060, and are plotted in progressively darker shades. Right column: doesnotdisplay tipping-element behaviour. Simulation data from ACCESS-
Relationship between global mean surface temperature and sea-ice extent ESML.5, as described inref. 34 (Methods).

climatology (30-year moving averages) in climate stabilisation scenarios
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Extended DataFig.7|Antarcticseaiceinclimate stabilisation scenarios.
Left column: Evolution of global mean surface temperature (yellow-red curves)
and Antarcticsea-ice extent (light to dark purple curves) under net-zero emission
scenarios run for1000 years after branching from a very high emissions
scenario (SSP5-8.5; black curves). Net-zero scenarios were branched every Syears
from 203002060, and are plotted in progressively darker shades. Right
column: Relationship between global mean surface temperature and sea-ice
extentclimatology (30-year moving averages) in climate stabilisation scenarios

Temperature anomaly (°C)

(purple curves) and SSP5-8.5 (black curves). Grey shading in the lower row
indicatesice-free conditions as defined by sea-ice extentless than1million
km?. Antarctic sea-ice maximum (September) and minimum (March) show
century to millennia-scale commitments for irreversible sea-ice loss after
net-zero emissions are achieved suggestive of self-perpetuating tipping
behaviour, in contrast to Arctic sea-ice behaviour (Extended DataFig. 6).
Simulation datafrom ACCESS-ESML1.5, as described inref. 34 (Methods).
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Extended DataFig. 8| Compilation of the datasets ofice-sheetsusceptibilities
and observed changes thatare showninFig. 4. Left: Threshold maps used to
performa qualitative assessment of areas of susceptibility, grouped by area of
impact: surface slope (BedMachine)***; buttressing (PISM)"'%; marine ice sheet
(BedMachine)®**; Pliocene reconstruction®®; geothermal heat above median'¥’;
Sedimentary Basinabove median likelihood?®. Right: Threshold maps of various

aspects of observed changes: albedo change above median amplitude?”’;
air temperature (RACMO)?%; elevation lowering (Antarctic Climate Change
Initiative)?*’; where surface mass balance trend (2022-1979) is negative
(RACMO2.3p2)*%; ice flow acceleration (MEaSUREs v2)'°%'%; mass loss

(GMB; TUD 2024)*"". Lower: Indicative vulnerability derived from the product
oftheaggregated fields of susceptibilities and observed changes (Methods).
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Improving predictability:
Observations, Models and Reconstructions

Ice-sheet and
ice-shelf loss

Improved subglacial
and basal
characterisations

Interactive ice sheets in
Earth System Models

Reconstructions of ice
loss regions and rates
in past warm intervals

Overturning circulation
slowdown

Increased monitoring of
continental-shelf waters,
including beneath sea ice
and ice shelves

Ocean model resolution that
captures continental shelf
processes

Reconstructions of ocean
overturning in past warm
periods and deglaciations,
particularly near dense-

water production sites

Coordinated tipping point modelling experiments and model evaluation
Evaluations of long-term committed risks after climate stabilisation

Extended DataFig. 9| Priorities forimproving the predictability of abrupt
changesinthe Antarcticenvironment. Theseinclude new orimproved
observations (blue), targeted developmentand application of reconstructions

Sea-ice decline

Sea-ice thickness and under
ice observations to improve
process understanding

Updated assessments of
confidence in sea-ice decline

Inclusion of fast-ice projections
to aid ecological modelling

Incorporation of century-
scale reconstructions into
assessments of sea-ice
change and model evaluation

Biological losses

Long-term monitoring

of vulnerable systems,
including new approaches
for autonomous
monitoring

Improved knowledge of
adaptive capacity and
physiological thresholds
to underpin ecological
modelling

(purple), andincorporation of key Antarctic processes in models and coordinated
evaluation of model simulations (green). Base images used to represent each
Antarcticsystemare derived fromFigs.1,3,4 and5.
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