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Key Points:

« An Earth System Model run with historical forcing and nudged to observed winds
reproduces the austral winter 2023 sea ice area (SIA) anomaly.

» About 70% of the SIA anomaly is attributable to warm Southern Ocean SSTs that
developed prior to 2023 and the remaining ~30% is attributable to instantaneous
atmospheric circulation.

e ENSO conditions in 2023 had a negligible impact on Antarctic sea ice loss in 2023.
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Abstract

Since 2016, Antarctic sea ice area (SIA) has set three record summertime minimums oc-
curring in 2017, 2022, and 2023. These recent extremes culminated in a record low STA
anomaly in austral winter 2023, when SIA was over 2 million km? below climatology, re-
sulting from negative sea ice concentration (SIC) anomalies centered in the Ross, east-
ern Weddell, and East Antarctic Seas. We show that a fully-coupled Earth System Model
run with historic and anthropogenic forcing and nudged to observed winds over 1950-
2023 reproduces the observed austral winter 2023 SIC anomalies. In a sensitivity test
that had the impact of 2023 ENSO conditions removed via regression, we show that the
2023 transition from La Nifa to El Nino had a negligible impact. Next, using an ensem-
ble initialized on January 1st 2023 nudged to past years’ winds, we demonstrate that ~70%
of the total Antarctic SIA anomaly was predictable six months in advance and driven

by warm Southern Ocean sea surface temperatures that developed prior to 2023, with
the remaining ~30% attributable to 2023 atmospheric circulation. Finally, an ensem-

ble forecast suggests that Antarctic SIA is likely to remain significantly below climatol-

ogy in austral winter 2024 due to continuing warm Southern Ocean conditions.

Plain Language Summary

Since 2016, the area of sea ice around Antarctica during summer has reached record
low levels three times (in 2017, 2022, and 2023), and the largest negative anomaly by
area around Antarctica ever recorded occurred in winter 2023. In our study, we demon-
strate that an Earth System model, which considers actual wind patterns and histori-
cal forcing, can accurately replicate the observed changes in sea ice concentration dur-
ing the winter of 2023. Using this framework, we generate a 21-member forecasting en-
semble starting on January 1st, 2023, and find that ~70% of the total sea ice anomaly
in Antarctica during the winter could be forecast six months in advance. This predictabil-
ity is mainly due to warm sea surface temperatures that emerged prior to 2023. Addi-
tional simulations suggest that the recent switch from La Nina to El Nino had little ef-
fect on the record event. Finally, we generate an ensemble forecast that is initialized on
January 1st, 2024 and show that Antarctic sea ice is unlikely to recover to climatology

in winter 2024 due to persistently warm Southern Ocean conditions.

1 Introduction

Antarctic sea ice impacts atmosphere-ocean interactions, ocean circulation, marine
and coastal ecosystems, ice-sheet and ice-shelf stability, and planetary albedo. Between
1979 and 2015 Antarctic sea ice exhibited a slight increase in sea ice area (SIA), despite
the increase in global mean temperature during this time (Comiso et al., 2017). Vari-
ous mechanisms have been proposed to explain this expansion, including a strengthen-

ing Southern Annual Mode due to ozone depletion (Ferreira et al., 2015), changes to southern-
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ocean freshening via glacial and ice-sheet melt (Dong, Pauling, et al., 2022; Rye et al.,
2020; Roach et al., 2023), an increase in precipitation (Liu & Curry, 2010), wind circu-
lation (Blanchard-Wrigglesworth et al., 2021) and wind-driven sea ice transport (Haumann
et al., 2016; Sun & Eisenman, 2021), tropically-driven circulation trends (Chung et al.,
2022), and internal variability of ocean convection (L. Zhang et al., 2019). Complicat-

ing our ability to study the expansion of Antarctic STA is the fact that most state-of-
the-art Earth System Models (ESMs) when run with historical and anthropogenic forc-

ing simulate a loss in Antarctic SIA over the satellite era (Roach et al., 2020).

Despite the increase in SIA over 1979-2015, Antarctica has experienced a reversal
in sea ice trends since 2016 (Parkinson, 2019; Purich & Doddridge, 2023), a rapidly warm-
ing Southern Ocean (Meehl et al., 2019; Wilson et al., 2023) and a sequence of extraor-
dinary atmospheric heatwaves (Blanchard-Wrigglesworth et al., 2023; Gorodetskaya et
al., 2023; Wille et al., 2024). The reversal first began in September 2016 and developed
into a record areal anomaly in austral spring and record-minimum in February 2017 (Turner
et al., 2017). Factors contributing to this event include a near-record negative South-
ern Annual Mode (SAM), warm Southern Ocean sea surface temperatures (SSTs), and
a zonal wave 3 pattern of atmospheric circulation in early winter. These local conditions
have been linked to the negative trend in the Interdecadal Pacific Oscillation (IPO) (Meehl
et al., 2019), an extreme El Nifo in 2015/2016 (Stuecker et al., 2017), and variability
in the polar stratospheric vortex (Wang et al., 2019). After a slight recovery in the in-
tervening years, a new record sea ice extent (SIE) minimum occurred in February 2022,
when SIE dropped to 1.97 million km? (Raphael & Handcock, 2022; C. Zhang & Li, 2023;
Turner et al., 2022). Only one year later, in February 2023 this record was broken with
a new summer SIE minimum of 1.79 million km? (Cordero et al., 2023). Several stud-
ies have examined the impact of a strongly positive SAM, La Nina conditions, and vari-
ability in the Amundsen Sea Low on sea ice minimums in February 2022 and 2023 (C. Zhang
& Li, 2023; Turner et al., 2022; Cordero et al., 2023). Throughout the remainder of 2023
negative SIA anomalies dramatically amplified and by the austral winter STA anoma-
lies were over 2 million km? below climatology, an anomaly of over 5 sigma units, and
.9 million km? lower than the previous largest negative seasonal SIA anomaly (Figure

1A).

A growing body of literature has emerged using atmospheric nudging in ESMs, in
which zonal and meridional winds are relaxed to reanalysis, to develop a process under-
standing of Antarctic sea ice variability and trends (Blanchard-Wrigglesworth et al., 2021;
Roach et al., 2023) and Southern Ocean SST variability (Dong, Armour, et al., 2022).

We find that a state-of-the-art Earth System Model run between 1950 and 2023 with his-
torical forcing and nudged to winds from reanalysis successfully reproduces the observed
pattern and magnitude of sea ice concentration anomalies in austral winter, 2023. Us-

ing this wind-nudging framework, we then conduct several experiments in order to de-
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compose the event’s drivers: (1) we generate a 21-member ensemble forecast initialized

on January 1st, 2023 to show that ~70% of the total SIA anomaly is attributable to warm
Southern Ocean SSTs that developed by the end of 2022 and offered significant predictabil-
ity at a six month lead; (2) we demonstrate that the transition from La Nina to El Nifo

in 2023 had a negligible impact on SIA anomalies by removing the linear impact of 2023
ENSO conditions from atmospheric winds and re-nudging to "ENSO-less’ winds; (3) we
demonstrate, using an ensemble forecast, that Antarctic STA is likely to remain near record

lows in winter 2024.

2 Methods
2.1 Observations, Reanalysis, and Indices

Simulations are evaluated with satellite-derived passive microwave measurements
of sea ice concentrations (SIC) in the Southern Ocean (SO) from the NSIDC Climate
Data Record version 4 on a 25km x 25km polar stereographic grid (Meier & Stewart.,
2021), and ERAS5 reanalysis for all other atmospheric and oceanic conditions (Hersbach
et al., 2020). All data are regridded to a common 1° global resolution before analysis.
All subsequent analysis of sea ice coverage is reported in sea ice area (SIA), rather than
sea ice extent (SIE) (Matthews et al., 2020), because Antarctic wintertime sea ice does
not suffer data quality issues such as a ’pole hole’ or significant melt pond coverage that

in the Arctic justify the use of SIE.

We calculate the Amundsen Sea Low location (latitude and longitude) and central
pressure between January 1979 and August 2023 following Hosking et al. (2016). The
Nino3.4 time series that we use is from https://psl.noaa.gov/data/correlation/nina34

.data. We calculate the Southern Annual Mode (SAM) index following Marshall (2003).

2.2 Nudging CESM2.1 to Historical Winds

We use the Community Earth System Model version 2.1 (CESM2.1) from the Na-
tional Center for Atmospheric Research with the Community Atmosphere Model ver-
sion 6 (CAMG6) (Danabasoglu et al., 2020). Simulations are forced with CMIP6 histor-
ical forcing through 2014 and thereafter with SSP3.7 forcing. All components have a nom-
inal 1° resolution. Model output is regridded to the same grid as used for reanalysis and

observations.

In all nudging simulations (Table S1), we nudge zonal (U) and meridional (V) winds
to 6-hourly ERA5 U and V from 850hPa to the top of the model between 55°S and 80°S
following the methodology described in Blanchard-Wrigglesworth et al. (2021). The wind-

nudging is performed by relaxing the winds as follows:

dx
E - F(l‘) + Fnudge
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O[[wT(tne:vt) - :E(t)]
tnea:t —t

Fnudge =

where z is the model state-vector being nudged (i.e. U or V), F(z) is the model-calculated
tendency of z, and Fj,,q4e is the relaxation tendency, which is proportional to the dif-
ference between xp(t,eqt), the target state-vector at the next time step, and x(t), the
model state-vector at the current time-step. « is the nudging coefficient which is set to

1 between 55°S and 80°S and smoothly transitions to 0 outside of the nudging domain
border. CESM2-NUDGE requires approximately 30-years to adjust to a stable Antarc-

tic sea ice state (Figure S1). For this reason, nudging is initiated in 1950 and all model

output prior to 1980 is rejected from analysis.

Our baseline simulation, initialized on January 1, 1950, and integrated through De-

cember 31, 2023, is henceforth denoted as CESM2-NUDGE (Table S1).

2.3 Nudging CESMZ2.1 to ‘ENSO-less’ 2023 winds

An additional nudging simulation branches from CESM2-NUDGE on January 1st,
2023 and is nudged to adjusted observed winds over January 1 2023 - August 31 2023
where the observed linear relationship between Nino 3.4 and U and V is removed. In this

experiment the target wind anomalies are updated as follows:

da! _
a7 No-enso(t) = 2p(t) — WOT?)A,NWO?’A/(U

where z/-(t) is the anomaly target state-vector at time ¢, % is the instantaneous
daily regression coefficient between the time series of Nino3.4 anomalies and target state-

vector anomalies, and Nino3.4'(t) is the Nino3.4 anomaly at the target time ¢. The up-

dated target state-vector anomaly with the linear impact of ENSO removed, 27 yo_pnso(t),

is then added to Z7, the daily climatology of the target state-vector. Regression coef-
ficients are calculated using monthly time series of the Nino3.4'(t) index and target state-
vector and are linearly interpolated to a daily resolution. Regression coefficients and all
anomalies are calculated using a reference period between January 1, 1980 and Decem-
ber 31, 2022. The simulation that is nudged to historical winds with ENSO removed is
henceforth denoted as CESM2-NO-ENSO-NUDGE (Table S1).

2.4 Reforecasting the Austral Winter 2023 by Nudging CESM2.1

In order to examine the predictability of the winter 2023 Antarctic SIA anomaly
and further understand its mechanisms, we generate a 21-member forecast ensemble ini-
tialized from CESM2-NUDGE on January 1, 2023, and run for a year. In order to sam-
ple different atmospheric conditions, each ensemble member is nudged to target winds
taken from a random year between 1979 and 2022 (Table S1). We nudge to winds from
previous years rather than allowing the ensemble members to free-run in order to esti-

mate the predictability of the winter 2023 SIA anomaly without the influence of climate
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drift. A similar sea ice forecast technique is used by ice-ocean models that use past years’
atmospheric boundary conditions to evolve the model forwards (e.g., Lindsay et al. (2012)).
Model simulations that are nudged to historical winds from past years are henceforth
referred to as CESM2-REFORECAST-2023. We consider these experiments ’forecasts’
because they could have been generated on January 1st, 2023, i.e., at least six months

before austral winter 2023.

2.5 Forecasting the Austral Winter 2024 by Nudging CESM2.1

Finally, the skillful results of CESM2-REFORECAST-2023 encourage us to gen-
erate a sea ice forecast for austral winter 2024. Will winter STA in 2024 rebound to the
pre-2020s climatology or will it remain anomalously low? Like the 2023 forecast, we gen-
erate a 22-member ensemble initialized from CESM2-NUDGE on January 1, 2024. Each
ensemble member runs until December 31, 2024 and is nudged to past winds taken from
the same random years as CESM2-REFORECAST-2023, with an additional ensemble
member that is nudged to winds from 2023, in order to further examine the impact of
the atmospheric circulation in 2023 in driving SIA anomalies. These experiments are hence-

forth referred to as CESM2-FORECAST-2024.

3 Results
3.1 Conditions leading to sea ice loss in Austral Winter 2023

The SIA in austral winter (June, July and August; JJA) 2023 was 11.5 million km?
and 2.2 million km? below the 1980-2020 climatology, representing a 5-sigma event and
the largest negative areal anomaly on record (Figure 1A). Negative SIC anomalies were
observed in all regions of the SO except for the Amundsen-Bellingshausen Sea, which
exhibited a positive SIA anomaly of .2 million km? (Figure 1B). The most pronounced
negative anomalies occurred in the Ross, Weddell, and South Indian Seas, at .7 million
km?, .74 million km?, and .73 million km?, respectively (Figure 1H). These regional anoma-
lies were extreme, representing -3.0, -2.4, and -3.2 sigma events, respectively (Figure S2).
The large scale atmospheric circulation in JJA 2023 was dominated by large positive sea
level pressure (SLP) anomalies in the Ross Sea and zonally characterized by a wave three
pattern, with weaker positive SLP anomalies over the East Weddell and South Indian
Seas (Figure 1F). The associated anomalous anticyclonic circulation drove northward sea
ice motion and cold air advection leading to positive anomalies in the Bellingshausen Sea
and southward sea ice motion and warm air advection in the Eastern Ross and Weddell
Seas (Figure 2E). Past studies have shown that the impact of the zonal wave three pat-
tern is greatest during the growth season (Raphael, 2007), when sea ice expansion is rapid
and sensitive to warm-air advection and trends in winter meridional winds can help ex-
plain trends in winter SIC (Blanchard-Wrigglesworth et al., 2021). Dynamically driven

anomalies may have been amplified or counteracted by warm ocean surface conditions,
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which can inhibit lateral and basal growth. For example, the Eastern Weddell Sea is char-
acterized by negative SIC anomalies despite southerly surface-winds at the ice-edge (along
longitudes 20W-30E in Fig 2E/F) that would typically be associated with a northward
expansion of the wintertime ice-edge. The pattern of SST anomalies matches the pat-
tern of SIC anomalies in every sector (Figure 1D). Warm SO surface conditions emerged
as early as summer 2017 (Figure 2A) and suggest the role of preconditioning and pos-

sible seasonal predictability (see below in Section 3.3).

3.2 Reconstructing sea ice loss in a global climate model

Having examined the atmospheric and oceanic conditions during austral winter 2023,
we turn our attention to decomposing the relative contribution of potential drivers by
analyzing the nudged simulations with CESM2. CESM2-NUDGE generates SIC anoma-
lies for winter 2023 of the same magnitude and pattern as observations (Figure 1B and
1C). The CESM2-NUDGE SIA in JJA 2023 is 2.45 million km? below the model-defined
1980-2020 climatology, with regional SIA anomalies comparable to those in observations
(Figure 1H and 1I). Additionally, the spatial pattern of SST anomalies is similar to ob-
servations, albeit with a slight positive circumpolar bias. The remarkable similarity be-
tween SIC and SST anomalies in CESM2-NUDGE and observations suggests processes
connect these quantities, possibly causally. Nudging in CESM2 is a powerful tool for dis-

entangling the relevant drivers of this record event.

To begin, the temporal evolution of SO SST anomalies generated in CESM2-NUDGE
are similar to observations, with circumpolar warm SSTs first emerging in austral sum-
mer 2017 and persisting until present day (Figure 2A and 2B). The similarity of SST vari-
ability in CESM2-NUDGE and observations (Figure 2A and 2B) suggests that the re-
cent emergence of warm surface ocean conditions may have been driven, in part, by sur-
face wind-stress. Similar to observations, meridional near-surface winds at the ice-edge
associated with the zonal-wave three pattern explain to a large degree SIC anomalies about
the zonal mean in JJA 2023 (Figure 2F). Differences between observations and CESM2-
NUDGE (Figure 2E and 2F) may be a result of differences in the position of the JJA
2023 ice-edge (Figure 1B and 1C). We can further decompose the drivers of SIC anoma-
lies by examining the spatial pattern of ice-area change over time (i.e. ice-area tendency),

which is the sum of thermodynamic and dynamic terms:

aa _ (i N
dt a dt thermodynamic dt dynamic

, where the dynamic contribution is driven by advection and deformation of the ice-pack
and the thermodynamic contribution is driven by melt and growth processes. The spa-
tially averaged total ice-area tendency is anomalously low during the growth season (March
- August) 2023 and dominated by thermodynamic contributions (Figure S3G). Monthly

thermodynamic ice-area tendencies are negative starting in March 2023 and remain anoma-
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lously low throughout August 2023 as the sea ice edge expands into warm SO SSTs. The
spatial pattern of thermodynamic contributions is characterized by negative anomalies
within the ice edge in all sectors of the SO except the Bellingshausen Sea. Dynamic con-
tributions to ice-area changes are dominated by wind-driven sea ice advection, with pos-
itive contributions south of the ice-edge and negative contributions north of the ice-edge
(Figure S3B). Despite the spatially averaged dynamic contribution being slightly pos-
itive during much of the growth season, dynamic tendency anomalies explain negative

SIC anomalies in the Ross, Bellingshausen and Weddell Seas.

3.3 The Impact of 2023 ENSO conditions on sea ice loss

Next, we turn our attention to the impact of 2023 ENSO conditions on Antarctic
sea ice in austral winter 2023. La Nina conditions first emerged in spring 2020, peaked
in early 2021, and persisted until early 2023 when ENSO transitioned to an El Nino phase
in March 2023 which steadily amplified throughout 2023 (Figure S4). It is well known
that ENSO events can generate stationary Rossby Waves and influence SO atmospheric
circulation and SIC (Li et al., 2021). Here, we calculate the linear impact of 2023 ENSO
conditions on SO conditions as the residual between CESM2-NUDGE and CESM2-NO-
ENSO-NUDGE. 2023 ENSO conditions slightly amplified negative anomalies in the Ross
and Weddell Seas and positive anomalies in the Bellingshausen Sea (Figure 3). Although
the impact of the transition from La Nina to El Nino on sea ice is consistent with past

literature (Li et al., 2021), the total contribution is only about .06 million km? of the to-

tal 2.45 million km? SIA anomaly, amounting to roughly 3% of the total anomaly in CESM2-

NUDGE. The transition to El Nino acted to weaken the ASL by about 5 hPa in the Ross
sea (e.g. amplify positive SLP anomalies in the Ross Sea), which amplified anomalous
anticyclonic circulation and strengthened northward and southward sea ice advection in
the Bellingshausen and Ross Seas, respectively (Figure 3C). In the Weddell sector, 2023
ENSO conditions amplified northerly surface winds, which contributed to a southward
shift in the sea ice edge (Figure 3A). We validate the results presented here with those
derived from a composite analysis from CESM2-NUDGE of all periods with a positive
(El Nino) or negative (La Nina) anomaly in the observed JJA Nino3.4 index greater than
1-standard deviation between 1979 and 2022 (Figure S5). We find that the fingerprint

of ENSO on SO conditions are consistent between nudging simulation (Figure 3) and com-
posite results (Figure S5), albeit weaker in 2023, likely because 2023 ENSO conditions

where neutral in early 2023.

3.4 The relative importance of atmosphere and ocean forcing

The emergence of warm ocean conditions prior to 2023 may be associated with per-
sistent La Nifia conditions between 2020 and 2023 (Figure S4), deepening of the ASL

(Figure S4), and enhanced upwelling warm waters from below the mixed layer. While
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the exact cause for a warmer SO state is beyond the scope of this study, the ability of
CESM2-NUDGE to reproduce the timing and magnitude of SST anomalies since 2017

by nudging zonal and meridional winds to reanalysis suggests that atmospheric circu-
lation anomalies are a critical component of recent trends (Figure 2A and 2B). Previ-

ous studies have suggested that warm SO subsurface conditions influenced SSTs via wind-
driven mixing and that warm SO SSTs have been essential in driving recent Antarctic

sea ice lows (L. Zhang et al., 2022). Purich and Doddridge (2023) further argue that SO
subsurface warming since 2017 may have driven Antarctic sea ice cover into a persistent
low state. In agreement with these trends, CESM2-NUDGE exhibits anomalously deep
mixed-layer-depth throughout the SO in JJA 2023, suggesting enhanced SO surface-subsurface
mixing (Figure S8). The emergence of warm SST anomalies prior to 2023 further sug-

gests that a substantial fraction of the austral winter sea ice anomaly may have been pre-
dictable several months in advance, as SST anomalies can provide significant predictive

skill for sea ice (Holland et al., 2013). In addition, as noted above, winter 2023 SIC anoma-
lies were negative in some regions that had southerly wind anomalies during winter 2023.
Southerly wind anomalies would themselves promote positive rather than negative SIC
anomalies, implying a significant role for ocean conditions in driving winter 2023 SIC anoma-

lies.

The CESM2-REFORECAST-2023 ensemble-mean reproduces a strong negative STA
winter 2023 anomaly that is about ~70% of the total JJA 2023 anomaly simulated in
CESM2-NUDGE (-1.8 million km? vs -2.5 million km? in CESM2-Nudge, Figure 4) de-
spite nudging the ensemble members to winds from a year other than 2023 (i.e., drawn
from 1980-2022). From this result we conclude that about ~70% of the total JJA SIA
anomaly is preconditioned by the initialized anomalies in the ice-ocean on January 1 2023,
which themselves may be partly attributable to atmospheric forcing prior to 2023 (Fig-
ure 4A). The remaining ~30% of the total JJTA 2023 anomaly (the residual or forecast
error) can be attributed to atmospheric forcing during 2023 (Figure S7). Hovmoller di-
agrams reveal the dominant role SO SSTs played in driving the ensemble-mean SIA anomaly,
as SST remained anomalously warm in CESM2-REFORECAST-2023, albeit slightly weaker
than in CESM2-NUDGE (Figure 4C), played in driving the ensemble-mean STA anomaly.
A regional decomposition of the SIA forecast error also reveals that atmospheric forc-
ing during 2023 had the largest impact in the Ross and Bellingshausen sectors (Figure
41 and Figure 4J), where enhanced cyclonic circulation and the resultant sea ice advec-
tion drove a large fraction of the anomalies, consistent with the largest SLP anomalies
in winter 2023 being located in the Ross and Bellingshausen sectors (Figure 1). This de-
composition confirms the multifactorial drivers that contributed to the record low Antarc-

tic SIA in austral winter 2023.



303 3.5 Forecasting 2024 austral winter sea ice conditions

304 Given the importance of SO SSTs in driving the record JJA 2023 SIA anomaly and
305 the persistence of warm SO SSTs throughout 2023 (Figure S9), we hypothesise that SIA
306 is likely to remain below climatology in JJA 2024. In order to examine this, we gener-

307 ate a forecast for 2024 initialized from CESM2-NUDGE. All 22-ensemble members in

308 the CESM2-FORECAST-2024 ensemble forecast a negative wintertime SIA anomaly (Fig-
309 ure S13-14), with a forecast range of -1.8 million to -2.6 million km?, and a forecast mean
310 of -2.15 million km? (Figure 5). The ensemble-mean forecast exhibits negative SIA anoma-
31 lies in all sectors of the SO (Figure 5), with the largest ensemble spread in the Weddell

312 sector. In fact, the ensemble-mean SIA forecast for JJA 2024 is roughly .35 million km?

213 more negative than the ensemble-mean forecast for JJA 2023 generated by CESM2-REFORECAST-
314 2023. This may result from the fact that warm SST anomalies in the SO, which were

315 already anomalously warm by the end of 2022, have amplified throughout 2023 (Figure

316 S9). Finally, if the atmospheric circulation that occurred in 2023 repeated itself in 2024,

a7 we find that SIA in JJA 2024 would be 2.6 million km? below climatology, which is the

318 lowest SIA forecast within the CESM2-FORECAST-2024 ensemble, and more negative

319 than the record CESM2-NUDGE anomaly in JJA 2023, consistent with our finding that

320 winds from 2023 amplified the SIA anomalies in 2023.

21 4 Conclusions

22 The largest recorded negative Antarctic SIA anomaly in the satellite era occurred
23 in austral winter 2023. The record sea ice conditions resulted from the combination of

24 a fast response to anomalous atmospheric circulation forcing in 2023 and a slower, lagged
325 response to ocean SST anomalies that emerged prior to 2023. The event had significant

326 predictability at a six-to-eight month leadtime, was weakly impacted by 2023 ENSO con-

327 ditions, and is likely to persist into winter 2024.

38 The tools presented here are a novel use of the circulation nudging framework in

329 a fully coupled model. We demonstrate that these techniques can be used to study the

330 impact of large-scale modes of variability (e.g. ENSO) on remote conditions (e.g. Antarc-
331 tic sea ice) by removing via regression the relationship between the target variable and

33 mode of interest. The application of the atmospheric wind nudging framework as a tool
333 for studying seasonal sea ice predictability also paves the way for further development

334 of sea ice forecasting systems, which for Antarctic sea ice have historically shown poor

335 skill at seasonal timescales (Massonnet et al., 2023).

336 Several studies have argued that the reversal of Antarctic SIA trends and the warm-
337 ing in the SO is indicative of a regime-shift into a new, low Antarctic sea ice mean-state.

338 (Purich & Doddridge, 2023; Schroeter et al., 2023; Eayrs et al., 2021). While it is likely

339 too soon to robustly determine a permanent regime-shift, our forecast that Antarctic sea

~10-
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ice is likely to remain near record lows in winter 2024 builds upon this concern and high-
lights the need for further investigation into SO surface and subsurface temperature vari-
ability, and to further understand the attribution of recent SO warming - is it due to in-

ternal variability or early signs of a forced warming response?

Data Availability

ERAD reanalysis (Hersbach et al., 2020) are available at https://www.ecmwf.int/
en/forecasts/dataset/ecmwf-reanalysis-v5. Raw data generated from CESM2.1 model
experiments available upon request. Satellite derived passive microwave measurements
of sea ice concentrations from the NSIDC Climate Data Record version 4 on a 25km x
25km polar stereographic grid (Meier & Stewart., 2021) are available at https://nsidc
.org/data/g02202/versions/4. Code used to generate the Amundsen Sea low loca-
tion and pressure can be found at https://github.com/scotthosking/amundsen-sea
-low-index/. The Nino3.4 timeseries can be found at https://psl.noaa.gov/data/
correlation/nina34.data, and the Southern Annual Mode index Marshall (2003) is
available at https://legacy.bas.ac.uk/met/gjma/sam.html. Instructions to run CESM2.1
simulations can be found at https://escomp.github.io/CESM/versions/cesm2.1/html/

downloading_cesm.html.

Code Availability

The code used for all analyses presented in this manuscript is publicly available at

https://github.com/zacespinosa/SI-Antarctic.
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Figure 1. Times series of observed June, July, and August (JJA) raw (million km?; left) and
standardized (o; right) SIA anomalies between 1979 and 2023 (A). Mean SIC anomalies in JJA

2023 in observations (B) and CESM2-NUDGE (C). Magenta and black contours indicate clima-~
tological average (1980-2020) and JJA 2023 sea ice edge (15% concentration), respectively. SST

anomalies in JJA 2023 in observations (D) and CESM2-NUDGE (E), and mean SLP and near-

surface wind anomalies in JJA 2023 in ERA5 (F) and CESM2-NUDGE (G). Stacked bar-charts
show the monthly time series of STA anomaly (million km?) for each Antarctic sector (defined in
C) between 2016-01 and 2023-08 in observations (H) and CESM2-NUDGE (I). The black lines

shows the total Antarctic STA anomaly (million km?).
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in JJA 2023 in CESM2-NUDGE (C) and CESM2-REFORECAST-2023 (D). Monthly hovmoller
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when CESM2-REFORECAST-2023 branches from CESM2-NUDGE. Stacked bar-charts show the
monthly time series of STA anomaly (million km?) for each Antarctic sector between 2023-01 and
2023-08 for CESM2-NUDGE (G), CESM2-REFORECAST-2023 (H), and their difference (I) -
interpreted as forecast error or the contribution of instantaneous atmospheric forcing. Regional

SIA anomalies in JJA 2023 for each ensemble member in CESM2-REFORECAST-2023 (J)
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each each member in CESM2-FORECAST-2024 (E).
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