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Antarctic Plateau as ARs crossing the continent are rarely captured
by detection algorithms”?.

The contribution of ARs to interannual variability in precipitation
varies locally over the AIS (Fig. 2b). As an example, the March 2022
AR event produced 98 Gt of precipitation (2.9 standard deviations
above the monthly mean), localized entirely in East Antarctica (Box 3).
However, ARs impact precipitation almost everywhere over Antarc-
tica. In some regions of West Antarctica, such as the Amundsen Sea
Embayment and Marie Byrd Land, ARs are associated with 29% of the
interannual variability in total precipitation, based on the correlation
between detrended annual AR and total precipitation from 1980 to
2019 (ref. 31). In austral winter 2019, ARs in this area were associated
with 26% of all satellite-observed surface height increases owing to
snowfall’®, In austral summer 2020, a series of three AR events (an AR
family event) that made landfall in the Amundsen Sea Embayment
over 10 days caused 9% of the total precipitation that year, whereas
the annual mean contribution of ARs to the total precipitation in that
regionis11% over1980-2020*. Indrier regions, more particularly over
East Antarctica, ARs control a large part of precipitation variability,
as, forinstance, in Dronning Maud Land, where ARs explain 77% of the
variance in total precipitation®. In Dronning Maud Land in 2009 and
2011, four and five impactful ARs contributed up to 80% of the SMB
anomaly in those years, respectively™ (Fig. 3).

This strong control of ARs on precipitation has logically meant
that recent increases in AR frequency, occurring almost everywhere
in Antarctica except in Wilkes Land (Fig. 2b), have impacted precipi-
tation trends*. However, precipitation has responded with distinct
spatiotemporal trends”*®. From 1980 to 2019, AR precipitation in the
Bellingshausen sector in West Antarctica, parts of Dronning Maud
Land and the west coast of the Ross Seashows a linear trend exceeding
50% relative to the 1980-2019 mean®.

At the same time, ARs can also have a negative impact on the
Antarctic SMB by generating surface melt and runoff. ARs are associ-
ated with the majority of extreme melt events in West Antarcticaand
onthe AP. Climatologically, ARs areresponsible for 40% to nearly 100%
of the total summer surface meltacross the Ross Ice Shelf and higher
elevations of Marie Byrd Land and 40-80% of the total winter surface
melt on the AP'. These ARs often bring warm air advection and high
moisture content, leading to enhanced cloud formation and precipi-
tation, which release latent heat and trigger thermodynamic foehn
warming'®**%* (Figs. 1b and 4). The high moisture in ARs can further
amplify the melt events through increased downward longwave radia-
tion from thick clouds with high liquid and ice content'****>"*”2 (Fig. 4).
InEast Antarctica, an AR’s control over melting is less straightforward,
as other types of situations can produce summer melting in coastal
regions, butitisamajor control for melting events occurring farinland

Box 2 | Measurement techniques of Antarctic ARs and their impacts

Targeted observational campaigns are aimed to capture the extreme
nature and high temporal and spatial resolution of observed Antarctic
atmospheric rivers (ARs), as well as their impacts. Observing ARs
and their impacts directly, especially in the harsh and remote

polar regions, requires sophisticated remote sensing and in situ
measurement strategies. Satellite remote sensing, particularly

using microwave radiometers, is crucial for capturing the spatial
dimensions and elevated moisture content, cloudiness and
precipitation during AR events across large scales’**"?"??, However,
detection limitations specific to the polar regions (for example, large
biases in microwave and visible measurements over ice surfaces),
strong spatiotemporal variability during AR events and limited
satellite overpasses hinder their application for AR detection and
characterization over Antarctica'®.

Satellite remote sensing has also been applied to analyse impacts
of ARs on the Antarctic surface mass balance and snow properties,
including drastic sudden increases in ice sheet elevation owing
to anomalous snowfall in West Antarctica using ICESat-2 laser
altimetry’®, extensive surface melt extent over the Antarctic Peninsula
(AP)*° and snow grain size increase in East Antarctica using microwave
radiometer observations'**. Snow accumulation reconstruction using
Global Navigation Satellite System interferometric reflectometry
also showed the importance of extreme snowfall events affecting the
Amundsen Sea Embayment during ARs™.

Targeted?>*""® and opportunistic’'* ground-based observations
provide important high-resolution measurements of near-surface
meteorology, clouds and thermodynamic state of the troposphere
during AR events. High-resolution ground-based remote sensing
of precipitation using radars proved useful in capturing anomalous
snowfall events and their vertical structure'* as well as the

growing importance of rainfall during ARs**'*. Planned campaigns
organized as part of large observational programmes, such as the
YOPP-SH, have used radiosondes to show the extreme impact of
ARs on the temperature, humidity and wind profiles and to improve
AR forecasting skills in weather and climate models, together with
automatic weather stations including longwave and shortwave
radiation measurements used to constrain the surface energy budget
when ARs make landfall**"*""®1?® The winter YOPP-SH observing
period in 2022 successfully showed the importance of multinational
efforts in enhancing ground-based observations and merging with
modelling efforts to conduct targeted observations of the Antarctic
AR and their impacts on the surface mass and energy budget.
Ongoing observational efforts are also applied to understand
impacts of ARs inside the Antarctic snowpack and ice cores.
Past constraints on AR impacts recorded in snow stratigraphy
are challenging to interpret because of the connected nature of
precipitation and the recorded proxy (for example, layer thickness
and layer chemistry). UHF/K-band ice-penetrating radar observations
have been used to constrain distributed patterns of melt in
Greenland”®'? and should be used to map melt events across
Antarctica using contrasts in dielectric permittivity recorded in firn.
Targeted shallow coring efforts near the periphery of the ice sheet are
also underway and could facilitate analysis of AR impacts on oxygen
isotope fraction'?. Isotopic records (vapour and precipitation) on
daily resolution could be sufficient to simply detect an AR, given the
characteristic synoptic period of AR events?®. But for process studies,
to understand and decompose the different phases that make up
those extreme events in both measurements and models, hourly
resolution is required as a minimum?®*'%°,
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Box 3 | The March 2022 East Antarctica extreme AR

From 15-19 March 2022, an extremely intense atmospheric river
(AR) made landfall in East Antarctica that triggered a subsequent
heatwave with temperatures 30-40°C above normal across an area
roughly half the size of Europe (see the figure).

The origins of this AR were traced back to tropical convection
and the occurrence of three successive cyclones across the
Indian Ocean and of tropical-temperate troughs over the African
landmass'*°7"*%, which advected record-high plumes of tropical
moisture into the mid-latitudes. This tropical convection helped to
initiate a Rossby wave propagation leading to the formation of an
intense blocking anticyclone centred south of Tasmania. The block
extended poleward which directed the subtropical moisture
towards Antarctica in the form of an AR family event®'. The AR,
coupled with a warm conveyor belt near the coastline, helped to
lift the moisture to the tropopause, causing substantial potential
vorticity anomalies in the high troposphere, which reinforced the
atmospheric blocking deep into East Antarctica®®'®*. These combined
factors pushed a record-shattering moisture flux poleward (an Aqua
Moderate Resolution Imaging Spectroradiometer, true colour image
from 17 March 2022) (see the figure), where IVT from this AR was
8.7 standard deviations from the mean AR IVT across East Antarctica
and the event ranked as an AR category 4 on the polar AR scale™.
The accompanying upper-level warm air advection into the continent
and longwave radiation from liquid-laden clouds eroded the typical
surface temperature inversions over the ice sheet.

This AR and subsequent heatwave led to an area of 3.3 million km?
in East Antarctic to exceed March monthly temperature records.
Meanwhile, a new all-time high temperature record of -9.4°C was set
near Concordia Station on 18 March 2022, despite March typically
being a winter transition month. This event accounted for 32% of total
Antarctic ice sheet (AIS) precipitation during March, which saw highly
anomalous rain (+0.49 Gt) and surface melt (0.5Gt) along coastal areas,
although snowfall vastly counterbalanced the losses due to melt
(+42.5Gt). At Dome C station, isotope measurements revealed a distinct
summer-like signature, whereas cosmic ray measurements were
attenuated by the anomalous atmospheric moisture; both showing
the implications for paleoclimate studies'. Finally, an extratropical
cyclone west of the AR landfall likely triggered the final collapse of the
already critically unstable Conger Ice Shelf, while further diminishing
land-fast ice, which was already at a record minimum'%,

and outside the summer period. For instance, the March 2022 AR event
produced record temperature anomalies of 30-40 °C across the AIS?,
resulting in brief surface melt over an area of ~40,000 km? on the
groundedicesheet as well asintense surface melt at the margins (+40%
greater than average March melt) (Box 3). Even where surface melt
doesnotlead torunoff (contributing negatively to SMB), it can directly
impact the structure of the firn (the porous multiyear snow which has
not yet compacted into glacial ice under its own weight)”*. Firn has a
depth which ranges from metres to nearly 100 m on the AIS, exists
onboththe groundedice sheet and floating ice shelves and includes
complex hydrology and ice features. When surface melt occurs on
ice shelves, liquid water will percolate and potentially refreeze until
itfillsthe empty pore spaceinfirn™. Surface melt water also amplifies

Overall, the AR event largely contributed to 2022 being a rare
positive mass balance year for the entire AlS, thus slightly mitigating
the AIS’s contribution to sea-level rise'®. However, the temperature
extremes also raised concerns of potentially dire consequences
for ice sheet stability if a similar magnitude event happens over a
sensitive ice shelf in West Antarctica during the summer melt season.

AR event, 17 March 2022

East Antartica

Southward
moisture
flux

shortwave radiation absorption, releases latent heat during refreez-
ing, accelerates snow ageing and facilitates melt pond formation
through impermeable ice lenses ™.

Onesimple measure frequently used to estimate how the balance
between melt and accumulation impacts firn is ‘melt over accumula-
tion’, which approximates the nonlinear impacts of melt”>”. By this
measure, the ice shelves around Antarctica will become increasingly
vulnerable in the future”’. Ice shelves are vulnerable to surface melt
as liquid water can produce aquifers and surface/subsurface streams
that fill crevasses with water, driving these crevasses to penetrate
deeperintotheice andinsome casesall the way through the ice shelf”>™*
(Fig.3). This process, known as hydrofracturing, contributes to desta-
bilizingice shelves”’%, Astriking example of the links between ARs and
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hydrofracture occurredinjanuary 2008, whichresulted in substantial
runoff and the disintegration of land-fast ice in the Larsen A and B
embayments, culminating in a major calving event™.

In addition to ice shelf hydrofracture, ARs are also associated
withice shelf calving and collapse through seasurface-slope-induced
and wave-induced fracture, when surface winds associated with AR
cyclones trigger ocean surge and swell at the coast'***”**°, The transi-
tion between onshore and offshore winds causes ocean surge to shift
from the ice shelf front to offshore, leading to abrupt changes in sea
surface slope, which causes theice shelfto flex. AR-induced ocean swell
was akey driver of the collapse of the Conger ice shelf during the March
2022 East Antarctic AR event™**! (Box 3). Offshore winds associated with
AR storms also have animportant rolein the rapid distribution of fast
seaice abuttingice shelves away from calving fronts, which can reduce
the buttressing effect and increase glacier discharge and the likelihood
of calving events, such asthe collapses of Larsen Aand Bice shelvesin
1995and 2002, as well as the Larsen B fast ice breakout in January 2022
(refs.36,82) (Fig. 3).

As asummary, although present-day large-scale snowfallimpacts
mass gain most directly, ARs also produce losses through melt with
nonlinear impacts onice shelf destabilization, whose contribution to
the total mass balance, currently small, could become significant and
evenunpredictable and uncertain. Moreover, ARs alsoinitiate synoptic
and mesoscale conditions enhancing this nonlinearity. Asan example,
foehn winds, frequently driven and intensified by ARs, can produce
intense melt events over the vulnerable Larsen C ice shelf, sometimes
leading to melt over nearly the entire surface®, likeinJanuary 2020 with
7.2 Gtof meltwater®, in February 2020 (ref. 83), and an unprecedented

winter melt event in 2016 (refs. 38,84) (Figs. 3 and 4). Furthermore,
intense surface melting on the Larsen Ice Shelf associated with ARs
can be further intensified through the formation of optically thin
liquid-containing clouds, permitting the transmission of shortwave
radiation during the day, while enhancing longwave warming during
the night'?°%*? (Fig. 4). In addition to nonlinear impacts on local
synoptic conditions, ARs can have impacts on other parts of the earth
system, including seaice and ecosystems.

Seaice
ARs are associated with adeclineinseaice concentration (SIC), seaice
advection and polynya openings™® and have been shown to amplify
large-scale warmair advection™"****” and cause changes to downwelling
longwave radiation over sea ice’. The impacts of ARs on the surface
energy balance over sea ice are similar to those on land ice, although
ARs can also generate a significant amount of warm snow over seaice
inaustral winter whichincreases the insulation capacity of ice and con-
tributes toits melt™. In the marginal ice zones, ARs contribute to a nearly
10% reduction of seaice concentration per day across all seasons'** and
canremove nearly 50% of seaice concentration during a single event®®.
A more holistic understanding of AR impacts on sea ice can be
gathered from jointly considering ARs and their associated cyclones.
ARs supply additional water vapour, enhancing latent heat release and
cyclone intensity’**%, The combined system leads to wind-driven and
swell-driven poleward sea ice advection®** (Fig. 4) and increases wind
stress ontheice cover®. Cyclones featuring ARs may lead to adipole of
sea ice variability, but the long-term frequency of this effect remains
understudied"*,
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shelf, these can lead to melt pond formation and eventual hydrofracturing while
disintegrating the seaice buffer along the ice shelf front. Thus, AR events can
cause impacts onice surface mass balance from the margins to the interior.

In pack ice and coastal regions, the dynamic and thermody-
namic effects of ARs generally counterbalance each other, leading
to minimal SIC changes in the inner ice zone". AR-driven poleward
sea ice transport reduces SIC in pack ice regions" (Fig. 4). However,
thermodynamic processes refreeze ice as it drifts, offsetting the
dynamic effects®’. Near the coast, compact ice is advected from the
pack ice zones and can experience some ridging®, contributing to
minor reductions in coastal SIC during AR events". Furthermore,
the decreaseinseaice and the associated swell dampeninginfluence
following the passage of ARs have been linked to the final collapses
of the Larsen A and Larsen B ice shelves in the AP and the Conger ice
shelfin East Antarctica'*?¢75-1%2,

Ecosystem impacts

Surface meltimpacts of ARs can also extend beyond large ice shelves,
affecting maritime Antarcticislands through extreme warmand foehn
events”*, Heavy precipitation resulting from ARs can also lead to
dramatic impacts on living species around Antarctica, as observed
at the Dumont d’Urville station in 2014, when a strong AR led to the

complete breeding failure of the Adélie penguin colony®. The March
2022 AR caused extreme weather in the Antarctic Dry Valleys, with
observed temperatures 25 °C above average conditions®’. These
extreme conditions manifested as a foehn wind event off the Polar
Plateau, similar to AR influences in other regions of Antarctica’"*.
Record austral autumn temperatures drove mobilization of liquid
water insoils and sediments and likely the reactivation of resident biota
(cyanobacteria mats and soil invertebrates) at atime when organisms
are entering winter dormancy®®. Biotic responses to unseasonable
warm and wet conditions may have influenced diversity and life-history
characteristics of biotic communities.

Water stableisotopes

Understanding the broader impact of ARs, particularly their role in
influencing precipitation, requires additional analysis such as examin-
ing water stable isotopes. In polar regions, water stable isotopes are
traditionally used as proxies for temperature reconstructions. Stud-
ies of the impact of extreme precipitation events are often limited to
precipitation-weighted temperature”. Evenin the specific case of ARs,
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studies focusing on water vapour show that as afirst-order parameter
(d180 or dD of vapour), the isotopic signal is strongly correlated with
temperature™?*’, At second order (deuterium excess of vapour), a
potential signature was observed for the first time in arecent winter-
time AR eventin the AP*’ similar to the event reported in Greenland'*°.
However, determining the natural variability of ARs is a key element
in future perspective analysis. As they are associated with heavy pre-
cipitation and significantisotopicanomalies, we expect ARs toimprint
onice core records''°°. This is important not only for reconstruct-
ing past climate conditions but also for understanding the impacts
of current AR events. The March 2022 AR event, for example, offers
a contemporary case study in which these methods can be applied
to analyse bothimmediate and long-term impacts on the Antarctic
environment. Another possible avenue for finding an AR signal in pale-
oclimate records is through the attenuation of cosmic ray transport
in normally dry environments. As observed for the first time during
March 2022, a saturated environment caused by an AR interrupted
measurements of neutron fluxes during a magnetic solar event™ (Box 3).
Thisisrelevant for past climate reconstructions as cosmic raysimpart
aberyllium-10 (B10) signature on the snow surface, whichis used in
ice-core dating, thus implying that past AR activity could possibly be
inferred by theimprint they leave on the beryllium-10 (B10) signature
and may be used to determine the occurrence and timing of past AR
eventsin Antarctica. Onelast potential method of detecting an AR signal
in paleoclimate records is by tracing polar aerosol ARs*, although no
robust proxy is currently available to define anomalous horizons as
resulting froman AR event.

Projected impacts

Future AR impacts on the Antarctic environment will be the product
of changes to the physical characteristics of ARs and their large-scale
atmosphericdrivers, combined with their interactions with the chang-
ing state of the Antarctic cryosphere. Here, we describe projected AR
impacts to the grounded AIS SMB, ice shelves and seaice.

Over the grounded AIS, projected SMB evolution critically
depends onthe emissions pathway that society follows. In low-emission
to high-emission scenarios, increasesin net precipitation over the AIS
owing to temperature increases, and associated atmospheric mois-
tening and atmospheric dynamics changes, are projected to offset
the SLR by 19-79 mm (ref. 101) and compensate for warming-induced
increasing melt'°>'>, The projected future snow accumulationincrease
is expected to be strongly controlled by short-term synoptic-scale
events (for example, storm systems) such as ARs'**. More frequent
and intense rainfall resulting from blocking and moisture intrusions
is projected toimpact coastal Antarcticaand new regions by the end of
the century witha7.6 mm per year average increase in rainfall over the
AIS'”. AR frequency and intensity are also projected to increase along
the AR tracks of the Southern Hemisphere’s mid-to-high latitudes, with
aslightexpansion poleward®*. However, future AR contributionto the
Antarctic SMBis currently poorly constrained because the AR response
to future climate change s highly dependent on the chosen detection
tool®** (Box 1), and algorithms use thresholds based on moisture fluxes,
which are sensitive to increasing background moisture in a warmer
climate. Studying future trendsinblocking activities around Antarctica
could offerimportantindependent constraint on future AR changes™*®.
Finally, introducing idealized aerosols with different residence times
in atmospheric simulations and tracing polar aerosol ARs could help
in disentangling the impact of the Clausius—-Clapeyron effect from
dynamic changesin future poleward transport and AR climatologies*®.

Overall, future changes in SMB could be somewhat offset by
increases in solid ice discharge forced by the additional accumula-
tionas proposed for the Amundsen Sea Embayment'”’. However, in the
case of larger temperature increases, several ice shelves throughout
Antarctica may even be at risk of collapse for this scenario owing to
increased surface melt by the end of the twenty-first century’>775-10,

Giventhe historical contributions of ARs toice shelf surface melt
and destabilization along the AP, aswell as the role of AR-associated
cyclonesinice shelf calvingin other regions of Antarctica”®, itis likely
that future ARs will function as key instigators of short-lived processes
such as extreme surface melt and calving that affect the long-term
stability and evolution of ice shelves, with heightened potential for ARs
to trigger catastrophicice shelf collapses in higher-end warming sce-
narios. Finally, although no studies have analysed future ARimpactson
Antarcticseaice, any futureincreases in AR frequency and/or intensity
arelikely tointeract withthe declining seaice base state toincrease the
probability of extreme short-term seaice loss events.

ARs have substantial impacts on surface variables across the
Antarctic continent, driving extremes in precipitation, rainfall, tem-
perature, melt and runoff. ARs are also associated with higher wind
speeds and enhanced foehn events, impacting sea ice distribution
and contributing to ocean swell, which may ultimately destabilize
Antarctica’s fragilized ice shelves. Although the future effects of ARs
on ice sheet mass balance and local ecosystems remain poorly esti-
mated, their role is expected to be critical, highlighting the need for
future projections.

Summary and future perspectives

In this Review, we have established that ARs are a distinct extreme
weather event connecting the global hydrometeorological cycle with
AIS dynamics and ecosystems. Compared with other parts of the world,
ARs around Antarctica have distinct global-scale dynamics related to
lower latitude moisture export and eventual moisture deposition on
theicesheet. Over these southern polarregions, ARs have the ability to
amplify the surrounding large-scale atmospheric circulation through
their internal dynamics and latent heat release, further enhancing
blocking conditions. The cold, dry atmosphere of the Antarctic means
that detecting ARs requires polar-tuned detection algorithms using
eitherrelative or lower absolute thresholds for moisture transport com-
pared with the mid-latitudes. These AR detection algorithms reveal that
ARs arerelatively rare occurrences around Antarctica, only occurring
afewtimes per year atany given coastal location, but are amajor driv-
ing force onregional precipitation trends and variability. Despite their
rarity, ARs often have dramaticimpacts on the AIS mass balance. At the
present day, ARs have a positive influence on the mass balance through
heavy snowfall. However, ARs can also cause coastal surface melting,
seaice erosion and ice shelf destabilization. These potential negative
mass balance processes are expected to become more frequentina
warming climate. Warm airmass-related impacts are reflected in water
stable isotope measurements, providing a possible avenue for study-
ing past climate AR behaviour, in addition to disrupting the health of
biological species across the continent. Observations of ARimpactson
the AlS are sparse, but both past and future measurement campaigns
hope to alleviate this data scarcity (Box 2).

Although substantial progress has been made in understand-
ing the Antarctic AR life cycle and impacts, major research gaps per-
sist. Starting with the life cycle of the AR-related moisture transport,
ongoing research looks to uncover the various tropical forcing pat-
terns necessary for the initial tropical moisture export and Rossby
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wave amplification that directs that moisture towards Antarctica.
This research includes systematically understanding the roles of the
Madden Julian Oscillation and tropical cyclones while examining the
stratosphere-tropopause link specifically regarding tropopause polar
vortices. Once the moisture is transported over the AlS, questions
remain over the influence this moisture exerts on mesoscale cyclonic
activity. The use of high-resolution, kilometre-scale climate models can
be useful in understanding how moisture transport within the warm
conveyor beltinfluences cyclone intensity.

The uncertainties generated from polar AR detection techniques
are also consequential to further understand AR impacts. Current
methods of AR detection rely on tracing meridional moisture trans-
port, which canneglect ARs affecting seaice and the AP. Meanwhile,
tracking ARs deeper into the AIS remains challenging because of the
extremely low moisture threshold. Applying advances in Al-based
image segmentation AR detection to the Antarctic could alleviate
some of these issues'"'%. As an alternative to detecting ARs via mois-
ture transport, ARDTs canbe designed to detect the poleward trans-
portofothervariables that canbe found in narrow bands related to AR
systems, such as aerosols and sensible and latent heat fluxes. These
polar ARDTs have mostly been applied to reanalysis, whichis relatively
coarseinspatial resolution (for example, the Modern-Era Retrospec-
tive Analysis for Research and Applications Version 2, MERRA-2,
reanalysis has a 0.5° latitude x 0.625° longitude spatial resolution,
Box 1). Applying ARDTSs to the next generation of kilometre-scale
regional and global climate models could reveal greater detail
on AR-related impacts, for example, the occurrence of rainfall in
mountainous terrain'?,

Over Antarctica, major research gaps remain concerning AR
impacts in the past, present and future. Further advanced targeted
measurements of both AR characteristics and their impacts are
required for process understanding and climate model evaluation.
Detecting an AR signal within ice core records through water stable
isotope analysis remains a priority, as it could enable climate recon-
structions of Antarctic ARs before the reanalysis period (1979 onward).
Likewise, determining the impacts of AR events of similar intensity as
theMarch2022 AR over the sensitive West Antarcticice shelvesis crucial
for understanding extreme weather risks under sea-level rise projec-
tions. In addition, the simulation of ARs in future global climate model
projections using polar-specific ARDTs will be important to uncover
greater details about the magnitude of futureincreasesin AR frequency
andintensity and when ARs beginto be anet negative influence on AIS
mass balance. Oneresearch gap identified during this Review was that
Antarctic ARs are currently difficult to forecast. Given the precarious
nature of Antarctic logistical operations, extreme weather events such
as ARs can cause massive work interruptions and dangerous operating
conditions. Thus, weather forecasting experiments envisioned from
the Year of Polar Prediction — Southern Hemisphere 2022 targeted
observing campaign are necessary to improve numerical weather
prediction capabilities™*.

Understanding how short-lived weather extremes such as ARs
can leave long-lasting (yearly-decadal-centennial) impacts on the
AIS are only beginning to be recognized. Traditionally, projected
changesin Antarctic mass balance have mostly been studied inrelation
to changes in mean climatology. However, as demonstrated in 2022,
just afew extreme AR events can counteract the mean annual declin-
ing trendinice mass balance. Yet, ARs are also capable of accelerating
massloss, asseenduring the Larsen Aand Larsen Bice shelf collapses
in 1995 and 2002, respectively. The key question moving forward is

how this balance between negative and positive impacts of ARs on
theice sheet mass balance will change with near-term and long-term
climate change. Addressing this questionin climate models will help to
improve the understanding of how low-probability, high-impact events
affect AIS instability and ultimately constrain future sea-level rise
projections.

Data availability

ERAS data produced by ECMWEF are available through the Coperni-
cus Climate Data Store (https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-pressure-levels?tab = overview). MERRA-2
data are publicly available at the Goddard Earth Sciences Data
and Information Services Center (https://disc.gsfc.nasa.gov/
datasets?project = MERRA-2). The code for the Wille et al. 2021 AR
detectionalgorithmdiscussed inthis study is publicly available (https://
zenodo.org/record/7990215). Data for Fig. 2a are fromref. 7 and data
for Fig.2b are fromref. 49 with both data sets extended until 2020. The
authorsacknowledge use ofimagery from the NASA Worldview appli-
cation (https://worldview.earthdata.nasa.gov), part of the NASA Earth
Observing System Data and Information System (EOSDIS), in Box 3.
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