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Abstract Sections

The Southern Annular Mode (SAM) influences Southern Hemisphere Introduction
temperature and precipitation, ocean circulation, carbon cycling and Dynamics and drivers of SAM
the Antarctic cryosphere. In this Review, we examine the dynamics,
projections and effects of the SAM, focusing on future implications
for the Southern Ocean and Antarctica. The SAM s the leading mode ?;;:Qtz';?;;ﬁs"“ere
of atmospheric variability in the Southern Hemisphere extratropics,

Summary and future
associated with variations in the mid-latitude westerly jet strength perspectives
and position. The SAM s primarily aninternally driven atmospheric
process, for which anomalies dissipate in 1-2 weeks; however, sustained
SAM anomalies can also be forced by stratospheric processes and
tropical Pacific variability. Ozone depletion during the 1970s-1990s
contributed to large positive trends in austral summer. The SAM is now
inits most positive mean statein over 1,000 years, and a year-round
positive trend in the SAM is projected to continue throughout the
twenty-first century in response to increasing greenhouse gases. Given
theimportance of SAM effects on Southern Ocean circulation, carbon
cycling, and Antarctic ice mass balance for future climate and sea level
rise projections, itis crucial that the effects of SAM are better modelled
and understood, including accounting for the influence of the shifting
seasonality of positive SAM trends and its increasing asymmetry.

Trends and projections of SAM
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Introduction

The Southern Annular Mode (SAM) is the leading mode of extratropi-
cal Southern Hemisphere weather and climate variability, describing
fluctuationsin pressure between the high and mid latitudes, and in the
position and strength of the mid-latitude westerly jet on daily, monthly
and decadal timescales'* (Fig.1a). Positive SAM s defined as concurrent
lower-than-normal pressure over the Antarctic region and higher-than-
normal pressure in the mid latitudes, which occurs predominantly
with a poleward shift of the tropospheric mid-latitude jet (Fig. 1a,b)
and explains 50-70% of the monthly zonal-mean zonal wind variability
(Fig.1c, yellowline). Negative SAM involves opposite pressure changes,
with an equatorward shift of the mid-latitude jet. The effects of the
SAM extend across the Southern Hemisphere, connecting processes
fromthe stratosphere, through the troposphere to the ocean, and from
Antarctica to the tropics (Fig. 1a,b).

There are various definitions of the SAM index. These definitions
are based on the difference between the standardized mean sealevel
pressure (MSLP) at 40° S and 65° S (ref. 3) (Fig. 1c, black line), the dif-
ference between standardized MSLP observations from mid-latitude
(37-47°S) and Antarctic (65-71° S) stations® (Fig. 1c, blue line), and
empirical orthogonal function analysis of extratropical Southern
Hemisphere tropospheric fields such as MSLP, geopotential height
and zonal wind'* (Fig. 1c, red line). SAM indices calculated with these
definitions are highly correlated® (Fig. 1c). However, standardization
at different temporal resolutions can introduce discrepancies in the
amplitude of annual SAM index variations”®, with annual normaliza-
tionyielding a higher amplitude than calculating an annual SAM index
from monthly data®. In this Review, the SAM index is calculated using
the MSLP difference definition®, using monthly data over 1979-2023,
with seasonal or annual averages then constructed as required.

a Positive SAM zonal wind anomalies
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Variations in the SAM influence surface weather and climate
across the Southern Hemisphere. In late austral spring 2019, a
record-negative SAM for the season contributed to unusually per-
sistent hot and dry conditions across subtropical eastern Australia’,
exacerbating extreme wildfires'®". Additionally, surface wind
changes drive Southern Ocean circulation, which can affect the
uptake and transport of heat and carbon in the ocean. SAM affects
Antarctic mass changes through two mechanisms: atmospherically
driven changes in precipitation accumulation influence the surface
mass balance, and wind-driven ocean heat transport onto the con-
tinental shelfinfluences the basal melting of ice shelves that buttress
ice sheets. This Review focuses on the SAM effect over the Southern
Ocean and Antarctica; the mid-latitude effects have been reviewed
previously®.

Since the mid-twentieth century, the SAM has trended towards its
positive phase*". Projections under high and very high greenhouse
gas emission scenarios suggest that this positive trend will continue
throughout the twenty-first century, although the seasonality of trends
inthe SAM is expected to change. It is important to understand how
the SAM will change to inform projections of Southern Hemisphere
surface climate, the Southern Ocean and Antarctic cryosphere over
the twenty-first century and beyond.

This Review explores how variations in the SAM, through varia-
tions inthe mid-latitude westerly jet, affect the Southern Hemisphere
climate. First, we describe the dynamics and drivers of SAM variability
across seasons. Next, we discuss the observed trends and variability of
the SAM over the instrumental record and palaeoclimate reconstruc-
tions of the past millennium, and examine future projections of the
SAM. We consider the effects of the SAM on Southern Hemisphere
climate, with a focus on Southern Ocean circulation and the carbon
cycle,and onthe Antarctic cryosphere. Finally, we outline limitations of
the current understanding of the SAM and further work that is needed
to address them.

Dynamics and drivers of SAM

Tounderstand the observed and projected changes inthe SAM and its
effects on Southern Hemisphere climate, this Review begins by explor-
ing the physical processes that promote SAM variability. The dynamical
foundations of the SAM are described, starting with the structure and
seasonal cycle of the Southern Hemisphere extratropical jets. Both
zonal-mean dynamics and zonal asymmetries inthe SAM structure and
mechanisms are considered, as well as interactions with other climate
modes and their role in seasonal predictability of the SAM.

Southern Hemisphere troposphericjets

The Southern Hemisphere extratropical tropospheric circulation
is dominated by two strong westerly jets, the subtropical jet and the
mid-latitude eddy-driven jet (ref. 5) (Fig. 1a), each exhibiting distinct
structural and seasonal characteristics. The subtropical jet forms near
200 hPa and 30° S through differential heating between the tropics
and subtropics. This jet is strongest in austral winter (June-August)
and weakest in summer (December-February), when it merges with
the eddy-driven jet (Fig. 2). The vertical structure of the subtropical
jetis strongly baroclinic, with easterlies at the surface and westerlies
aloft® (for the annual mean, see Fig. 1a). In contrast, the eddy-driven
jethas an equivalent barotropic vertical structure. This jet forms at
around 50° S (Figs. laand 2a-d) and is driven by baroclinic eddies forced
by the strong year-round meridional gradient in Southern Ocean sea
surface temperature’®.

Zonal-mean dynamics

The primary intrinsic mechanism for the persistence of the SAM
is the positive feedback between the extratropical zonal wind and
baroclinic eddies. During positive SAM, westerly anomalies in the
mid-to-upper troposphere on the poleward side of the climatological
mid-latitude westerly jet coincide spatially with regions of anomalous
eddy momentum flux convergence, whereas easterly anomalies on
the equatorward side coincide with anomalous eddy momentum flux
divergence"'®”. The positive feedback between the eddy momentum
flux convergence anomalies and the jet anomalies thus maintains
the poleward-shifted jet against surface friction and reinforces the
positive SAM anomaly.

Zonal asymmetries

Although the SAM is characterized by an annular structure, there are
distinct regional and seasonal differences in its dynamics and struc-
ture (Fig. 2). These seasonal differences and regional behaviours are
linked to the structure of the mid-latitude westerly jet'®° (Fig. 2a-d,
climatological contours). From late spring to summer, the mid-latitude
jet becomes more zonally symmetric, promoting a positive zon-
ally symmetric eddy feedback across most longitudes that drives a
meridional shift of the jet. As a result, the SAM in summer describes
anorth-south shift of the mid-latitude westerly jet about its climato-
logical latitude™?° (poleward for positive SAM and equatorward for
negative SAM; Fig. 2a,c,e). In contrast, during winter to early spring,
the mid-latitude jet is strongest over the Indian Ocean, where a posi-
tive eddy feedback supports meridional shifts of the jet (Fig. 2b,d,f).
Over the western Pacific, the subtropical jet dominates and acts as
astrong zonal waveguide, trapping Rossby waves”-* In this region,
there is no eddy feedback, and meridional shifts of the mid-latitude
jetarerestricted. Therefore,in winter to early spring, the SAM reflects
in-place variations in the strength of the jets in this western Pacific
sector®?° (Fig. 2f).

The surface expression of the SAM in the pressure field exhibits
seasonally varying zonal asymmetry. This asymmetric nature can be
described by differencing the western and eastern hemispheres***
or examining deviations of the SAM from the zonal mean®** (Fig. 3).
Deviations from the zonal mean account for up to 20% of total SAM
variability (Fig. 3d), depending on the time period, time of year and
averaging period*. This asymmetry is most pronounced outside of
summer (Fig.3d) inregions south of 50° S (refs. 24,26,27) (Fig. 3c) and
during negative SAM phases (Fig. 2d), which have stronger zonally
asymmetric features than positive phases?*. The asymmetry is charac-
terized mainly by planetary wave activity, particularly wavenumbers
1and 3, withmaximum amplitude in the South Pacific***"*%, resembling
the Pacific-South American pattern®>**?>?° and teleconnecting to the
Amundsen Sea Low*** (Fig. 3a). There is some evidence for a positive
trendin the strength of the zonally asymmetric component of the SAM
over the satellite era®, despite the positive summer trend being evident
only in the symmetric SAM component®**2,

Interactions between SAM and other climate modes

The Antarctic stratospheric vortex and associated ozone variations
are the largest driver of SAM variability (Figs. 1a and 3e, light-blue
line). The variability of the Antarctic stratospheric polar vortex peaks
inaustral spring. Throughout spring and summer, stratospheric tem-
perature and zonal wind anomalies move downwards towards the
troposphere viaactive feedback between waves and mean flow” . The
downward propagation of these stratospheric vortex anomalies leads
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a DJF, positive SAM

b 1A, positive SAM
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Fig.2|Seasonal 300-hPazonal wind for positive and negative SAM, and

the differences. a, Acomposite of austral summer (December-February; DJF)
300-hPa zonal wind*” when the Southern Annular Mode (SAM) index is >2
(positive SAM) over 1979-2023. The black contours reflect the climatological
zonal wind, drawn at 10, 20,30 and 40 ms™. b, Asin panel a, but for events where

the SAM index is <-2 (negative SAM). ¢, The difference between positive and
negative SAM eventsin DJF (thatis, panel aminus b). d-f, Asin panels a-c, but for
austral winter (June, July, August;JJA). The single westerly jet at -50° Sis evident
insummer (DJF) for both positive and negative SAM, but during winter (JJA) the
splitjetstructureis evident, with the subtropical jet over Australia.

toapersistentlyanomalous SAM state; however, the detailed mecha-
nism remains unclear. A modulation of the polar tropopause height
by the stratospheric temperature and circulation anomalies is key to
promoting anannular mode response by redistributing tropospheric
mass over the polar region®®*’, Furthermore, a two-way positive feed-
back between the Antarctic stratospheric polar vortex and Antarctic
lower stratosphere ozone concentration amplifies anomalies over the
polar cap region*’, with polar vortex variability explaining 25-50% of
SAMvariancein austral warm seasons (Fig. 3e). For instance, astrong
vortex is associated with low temperatures, which increases polar
stratospheric clouds. The increased cloud facilitates ozone deple-
tion, which lowers the polar cap temperature and strengthens the
vortex. These anomalies gradually move down to the troposphere as
the season progresses and the mean vortex winds become weaker,
steepening the tropospheric meridional temperature gradient and
driving a poleward shift of the mid-latitude eddy-driven jet, which is
depicted as a positive phase of the SAM***.,

The El Nifio Southern Oscillation (ENSO) is a secondary driver
of SAM variability, explaining up to 10% of SAM variance (Fig. 3e,
red line). ENSO influences the symmetric components of SAM by
changing the latitudinal extent of the downwards branch of the
Hadley circulation, and the asymmetric components of SAM via the

Pacific-South American pattern®*2, For the symmetric component,
coolingin the tropics during La Nifia weakens and expands the Had-
ley circulation, shifting the subtropical jet and associated critical
latitude poleward***. Consequently, anomalous eddy momentum
flux divergence increases in the mid latitudes, inducing anomalous
poleward and downward motions and associated adiabatic warm-
ingin higher latitudes”. The resultant sharpening of the meridional
temperature gradient promotes eddy generation, and the subsequent
eddy-mean-flow feedback results in persistent positive SAM**™*,
This zonally symmetric ENSO-SAM interaction is most prominent
from spring to summer, when ENSO has a large amplitude and the
subtropical jet is relatively weak (Fig. 3e). For the asymmetric com-
ponent, in winter, the central Pacific ENSO (El Nifio Modoki) con-
tributes to SAM variability (Fig. 3e, yellow line) by modulating the
Pacific-South American pattern'®*° and meridionally shifting the
subtropical jet*®".

Dynamical links to climate modes allows the seasonal prediction
of the SAM. The established relationship between the SAM and the
Antarctic polar vortex and ENSO enables the seasonal prediction of the
SAM from austral early spring to early summer (Fig. 3e, dark-blueline).
A dynamical seasonal forecast system*® initialized with high-quality
observational data skilfully predicts the seasonal SAM almost year
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round at the shortest lead time (Fig. 3e, dashed black line). This system
demonstrates the highest skill in spring to early summer, with lead
times of up to a season, which is consistent with the predictability
achieved using the relationship of the SAM with the stratospheric
polar vortex and ENSO*.

Ondecadal timescales, variability in the tropical Pacific can influ-
ence the SAM in a manner similar to ENSO*. The cold phase of the
Interdecadal Pacific Oscillation sets a sharp meridional temperature
gradientbetween40°Sand 60° S. Simulations witha coupled climate
model suggest that this cold phase of the Interdecadal Pacific Oscilla-
tion can cause high-speed eddies to travel faster (similar to the global
warming-driven mechanism*’) and low-speed eddies to break at higher
latitudes (similar to the La Nifia-driven mechanism). Consequently,
the Interdecadal Pacific Oscillation forced a weak positive SAM trend
in the early twenty-first century*’, despite a slight reversal of ozone
depletion during the 2000s-2010s (ref. 51).

Other modes of climate variability do not appear to have astrong
influence on the SAM. Although a relationship between convection
related to the Madden-Julian Oscillation and the SAM is sometimes
identified, there is generally a lack of phase coherence between
them®* %, Furthermore, anomalies related to the Madden—Julian Oscil-
lationinthe higher southernlatitudes also lack an annular nature. The
relationship between the Indian Ocean Dipole and SAM was significant
in austral spring for the 1980-1990s (ref. 56), but it is only moderate
over1979-2023 (not shown), and the mechanismbehind theinteraction
isunclear.

Trends and projections of SAM

Understanding the characteristics of the SAM provides context for
understandingits changes oninterannual to centennial timescales. This
section highlights the observed and projected trends in the SAM and
our understanding of their causes. It examines reconstructions over
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Fig.3|Symmetric and asymmetric components
of the SAM and relationships with drivers.

a, The correlations between monthly mean sealevel
pressure’”! (MSLP) and the total Southern Annular
Mode (SAM) index over1979-2023.b, Asin panel a,
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asymmetric (dark blue) components of the SAM.
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a SAM over 1000-2100 in reconstructions, observations and simulations
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Fig. 4 |Past, present and future evolution of the SAM. a, The 7-year running mean
annually averaged Southern Annular Mode (SAM) index across palaeoclimate recon-
structions (recon) (A14 (ref. 57) and D17 (ref. 58)); Paleoclimate Modelling Intercom-
parison Project phase 3 (PMIP3) simulations'*’ over 1000-2000; Coupled Model
Intercomparison Project phase 6 (CMIP6) historical and future simulations'*® over
1850-2100, with the future projections encompassing alow (Shared Socioeconomic
Pathway (SSP)1-2.6) and very high (SSP5-8.5) emissions scenario; and ERAS reanalysis®”*
over1979-2023.For PMIP3 and CMIP6 data, the thin lines represent individual models,
and bold lines represent the multimodel mean. b, The annually averaged SAM index
from CMIP6 historical simulations over 1950-2014; CMIP future simulations under
SSP1-2.6,SSP2-4.5,SSP3-7.0 and SSP5-8.5 over 2015-2100; ERAS over 1979-2023;

and the Marshallindex* based on station pressure observations over1957-2023. The
shading represents the 5-95th percentile range across models and bold lines show the
multimodel mean. ¢, Millennial evolution of the 7-year running mean SAM in ACCESS-
ESML.5 (ref. 76) from net-zero emissions-driven simulations, branched 5-yearly

from 2030 to 2060 from SSP5-8.5 (branch points indicated by stars) and run for
1,000 years. Inall panels, the SAM s calculated using the Gong and Wang definition,
using monthly mean sealevel pressure before annual averaging. Anomalies are
calculated relative to the 1981-2010 baseline. Observational evidence indicates that
the SAM has trended towards the positive phase since the mid-twentieth century,
outside therange seen over the last millennium, and that this trend is projected to
continueinto the future unless net-zero emissions are achieved.

Nature Reviews Earth & Environment


http://www.nature.com/natrevearthenviron

Review article

the past 1,000 years (Fig. 4a), observations and reanalyses over more
recentdecades (Fig. 4b), and our mechanistic understanding through
simulations with various external forcings (Fig. 4).

Past SAM evolution

Reconstructions of the annual’’*® and summer*** SAM indices have
been developed using various combinations of palaeoclimate prox-
ies (Fig. 4a). These reconstructions combine Southern Hemisphere
proxies and are assessed using direct correlation to observational SAM
indices. A proxy-model assimilation framework has also been used to
reconstruct the summer SAM, with the post-1400 CE part of this recon-
structionrelying onsecondary tree-ring-derived gridded drought atlas
reconstructions alongside the primary proxy network®’. Reconstruc-
tions are generally more reliable for summer SAM reconstructions than
for annual-mean reconstructions®®. Some of these reconstructions
disagree on the scale of the SAM index variability*®°. This mismatch
isattributed toscaling differencesin the instrumental target dataused
for each reconstruction’ and can be reconciled by using a consistent
methodology to calculate the SAM index”®.

SAM reconstructions often feature large pre-industrial SAM
variability. This natural variability includes an abrupt, century-scale
negative trend around the 1400s, followed by a multicentury trend
towards more positive SAM between ~1500 and 1800 CE*’ in all but
the data-assimilation version of the reconstructed SAM”~’ (Fig. 4a,
brownand orange lines). Similar trends spanning multiple centuries are
not observed in individual model simulations of the past millennium®’
(Fig.4a, PMIP3 simulations). This apparent stability of the modelled SAM
couldbe caused by incomplete representation of solar forcing’. Neverthe-
less, the pre-industrial variability and trends in SAM reconstructions lie
within the range of natural variability of past millennium simulations®®*°
(Fig.4a),and thereisno evidenceto connect pre-industrial summer SAM
variability to solar, volcanic or greenhouse gas forcings®*°,

Over thesatellite era (1979-2023), the SAM has trended towards a
more positive phase*">' (Fig. 4a), particularly in austral summer. The
mean summer and annual SAM is now inits most positive mean statein
morethan1,000 years (refs. 57,59) (Fig. 4a). This trend in the summer
SAM falls outside the two standard deviation range of pre-industrial
trends during the Common Era***°,

Attribution of SAM trends
SAM trends over the satellite era are reproduced by historical experi-
ments of Coupled Model Intercomparison Project phase 6 (CMIP6)
modelsdriven by anthropogenic and natural forcings (Fig. 4b). The SAM
responds strongly to this external forcing; however, the sensitivity to
different forcings is uncertain and model dependent (Fig. 5). Among
these forcings, Antarctic ozone depletion has akeyrole, predominantly
cooling the polar stratosphere in austral spring when the ozone hole
first forms. This stratospheric cooling strengthens the stratospheric
winds and delays the breakdown of the stratospheric polar vortex. These
changesleadtoapolewardshiftinthe tropospheric mid-latitude jetand
apositive SAM trend in summer*"* (Fig. 5a,b). Models forced with ozone
depletion (such as in the hist-stratO3 experiment) can broadly capture
these changes®** ", with a positive SAM trend in summer, but the exact
mechanismthroughwhichthe stratospheric signature of ozone depletion
affects the troposphere and surface response is not fully understood®’.
The SAM is also sensitive to changing concentrations of green-
house gases, but through different mechanisms. Increasing greenhouse
gas concentrations warm the tropical upper troposphere and cool the
polar stratosphere, steepening the meridional temperature gradient

in the Southern Hemisphere. Consequently, thermal wind balance
leads to a strengthening of the subtropical jet®. This response of the
mid-latitude westerly jet and the resulting positive SAM trend are
thought to be linked to diabatic processes in the subtropics and mid
latitudes that modulate the structure of the Ferrel cell (refs. 68,69) or
increase the moisture gradient’®. However, the jet shift could also be
attributed toeddy-mean-flow feedback arising fromanincreasein the
eddy phase speeds, which causes them to break on the equatorward
side of the mid-latitude jet before reaching the subtropical jet**".
Models forced with greenhouse gases (such as in the greenhouse gas
forcing only (hist-GHG) experiment) simulate a positive SAM trend in
both summer (Fig. 5a,b) and winter® (Fig. 5¢,d).

Ozone depletion and greenhouse gases have both had identifi-
ableinfluences on observed historical SAM trends. Greenhouse gases
monotonically increased over the historical period and continue to
increase. Conversely, Antarctic stratospheric ozone was substantially
depleted (by up to ~50% in spring™) from the 1970s to the 1990s and
began to recover (or at least stabilize) from ~2000 onwards, with a
full recovery expected by the 2060s (ref. 51). Larger positive SAM
trends are found in summer than winter during 1979-1999, when the
influence of ozone depletion and greenhouse gasincreases combine”
(Fig. 5a,¢). Long-term SAM reconstructions suggest that the current
positive SAM trends began around the 1940s (Fig. 4a), which is too
early tobeattributed to ozone forcing alone. However, this early onset
is consistent with simulations that include greenhouse gas forcing with-
out the additional influence of ozone depletion®’. Thus, although the
positive summer trend is primarily attributed to ozone depletion®** ¢,
increased greenhouse gas concentrations also contribute® (Fig. 5).

Weakening positive SAM trends are found over the ozone stabiliza-
tion period (2000-2014) in austral summer (Fig. 5a). Both reanalysis
and the historical experiments have weaker summer SAM trends for the
ozone stabilization period (0.61and 0.09 per decade, respectively, for
ERAS and the historical multimodel median; Fig. 5a,2000-2014) than
forthe ozone depletion period (1.50 and 0.54 per decade, respectively;
Fig.5a,1979-1999). Additionally, ozone forcing only (hist-stratO3) exper-
iments exhibit negative trends (—0.43 per decade for the multimodel
median; Fig. 5a, 2000-2014). This weakening of summer SAM trends
might indicate the beginning of a reversal in the SAM trends’"”" associ-
ated with ozone recovery**”’?; however, there is sensitivity to the choice
of start and end pointsin trends calculated over short time series®.

There is large variation between experiments in the modelled
response of the SAM to individual forcings. CMIP6 hist-stratO3 simula-
tions exhibit more positive summer SAM trends (0.21 per decade for the
multimodel median) than hist-GHG simulations (0.13 per decade) over
the ozone depletion period (Fig. 5a,1979-1999). The specific ozone
forcing magnitude also influences the response of the SAM to ozone
depletion. For example, one hist-stratO3 simulation, which uses weak
ozone forcing, exhibits a negative SAM trend® (Fig. 5a). There is also
large variation across the ensemble means of the individual models
(Fig. 5a,c, large grey dots) and individual members (Fig. 5a, box and
whiskers) inboth seasons and periods of the hist-GHG and hist-stratO3
experiments, with the interquartile range spanning zero. Some of
this variation might stem from internally generated variability from
the tropical Pacific (discussed above), which contributes to observed
multidecadal changes in the SAM and mid-latitude jet>*7>7,

Projections of the SAM
Future SAMtrends are projected to remain positive under high-emission
scenarios. CMIP6 projections under high and very high greenhouse gas
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Fig. 5| Historical SAM trend attribution. a, Austral summer (December,
January, February; DJF) Southern Annular Mode (SAM) trends in Coupled Model
Intercomparison Project phase 6 simulations'*® with all historical forcings
(historical), greenhouse gas forcing only (hist-GHG) and ozone forcing only
(hist-stratO3). Trends are calculated over 1979-1999 (ozone depletion period)
and 2000-2014 (ozone stabilization period) for all individual simulations,

with box plots indicating the ensemble median (solid bar), interquartile range
(box), 5-95th percentiles (whiskers) and outliers (small dots). The large dots
represent the ensemble mean of each model, and the yellow diamonds show the
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ERAS trends. b, Multimodel mean summer (DJF) SAM index time series for the
historical (grey), hist-GHG (red) and hist-stratO3 (blue) experiments, overlaid
with piece-wise linear trends (dashed lines) for the ozone depletion (1979-1999)
and stabilization (2000-2014) periods. ¢,d, As in panels a and b but for austral
winter (June, July, August;JJA). The SAM has been influenced by ozone depletion
from the 1970s to the 1990s, with the onset of ozone recovery evident in the
stabilization of summer (DJF) SAM trends from ~2000 onwards. The influence of
increasing greenhouse gas concentrations is evident in the positive trend in the
winter (JJA) SAM.

emission Shared Socioeconomic Pathway (SSP) scenarios suggest that
positive trends in annual SAM will continue throughout the twenty-first
century'” (Fig.4b,SSP3-7.0 and SSP5-8.5). Over the coming two-to-three
decades, the summer-positive SAM trend is projected to get weaker
under all emission scenarios owing to the opposinginfluence of strat-
ospheric ozone recovery and increasing greenhouse gases'. By the
second half of the twenty-first century, the SAM is likely to shift to a
positive state across all seasons under the high (SSP3-7.0) and very
high (SSP5-8.5) emission scenarios (Fig. 4b).

Conversely, the very low (SSP1-2.6) and low (SSP2-4.5) emission
scenarios indicate stabilization of the SAM by 2045-2055, followed by
slightly negative SAM trends that begin to return SAM back towards the
historical state by the end of the century'*” (Fig. 4b). These insights
highlight that large-scale emissions reductions could reverse the posi-
tive SAM trend. The1,000-year ACCESS-ESM-1.5 simulations that have
been run under net-zero emissions scenarios’ for warming ranging
from 1.6 °C to 3.3 °C at a rate of 0.03-0.05 °C per century indicate a
very weak tendency towards negative SAM over amillennium (Fig. 4c).

Most land regions are projected to cool after emissions cessation.
However, continued warming of the surface Southern Ocean even
after emissions cessation is expected to cause global average sea sur-
face temperatures to continue to increase’, driving ongoing global
warming even under net-zero emissions’’. As the climate adjusts to
anew equilibrium characterized by warming of the Southern Ocean
and areduced meridional temperature gradient across the Southern
Hemisphere, SAM trends are likely to reverse relative to the current
transient warming climate, with consequences for mid-latitude and
high-latitude climates’”’.

Ocean and cryosphere impacts of SAM

This section outlines the influence of the SAM on ocean circulation,
the cryosphere and marine biogeochemistry across the Southern
Hemisphere'>5°%!, The SAM strongly influences the frequency of
mid-latitude weather systems that form the Southern Hemisphere
storm track. Positive SAM is associated with increased cyclone fre-
quency around the Antarctic coastline (-65° S) and more frequent
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anticyclones at -40° S; together these changes are consistent with
dipole changesin MSLP during positive SAM®*"® During negative SAM,
decreased MSLP between 40° Sand 50° S is associated with anincrease
inthe frequency of fronts that extend from their parent cyclone®®*>%
duetoincreased cyclone frequency at-50°S. The relationship between
the SAM and the frequency of weather systems implies that the SAM
affects temperature and rainfall across the Southern Hemisphere
(Fig. 6a—-d). By modulating the mid-latitude westerly jet, the SAM also
exerts a substantial influence on Southern Ocean circulation and sea
ice coverage (Fig. 6e,f).

Southern Ocean circulation

There is substantial uncertainty regarding the response of the zonal
Antarctic Circumpolar Current to long-term positive SAM trends.
Previous climate models suggested that the Antarctic Circumpolar
Current transport should increase in response to the positive SAM
trend® . However, observations and idealized high-resolution ocean
model simulations indicate that the net Antarctic Circumpolar Cur-
rent transport is insensitive to changes in zonal wind stress associ-
ated with changes in SAM, due to eddy saturation®*’. Instead, the
additional energy fromincreased zonal winds enhances the mesoscale
eddy field” %,

The surface mid-latitude westerly jet has an important role in
driving the local and global meridional ocean circulation. At mid-high
latitudes, westerly winds drive strong northwards Ekman transport,
with the resulting ocean divergence north of the Antarctic continental
shelf causing upwelling of warm Circumpolar Deep Water (Fig. 7a).
This Ekman transport steepens density surfaces (isopycnals), whereas
enhanced mesoscale eddy activity flattens the isopycnals (eddy com-
pensation)®. This balance shapes the upper branch of the Southern
Ocean meridional overturning circulation'”’. Additionally, around
the Antarctic margins, the SAM has also been shown to influence the
lower cell of the meridional overturning circulation. The lower cell is
influenced by the formation rates of the Ross Sea and Cape Darnley
dense shelf waters (precursors to Antarctic Bottom Water produc-
tion), which are positively correlated with the zonal wind stress, and
hence the SAM™*21%,

It has been hypothesized that the Southern Ocean surface could
exhibit a two-timescale response to a sustained positive SAM!*1%5,
Inthe high-latitude Southern Ocean, cool surface waters overlay warm
Circumpolar Deep Water. At short timescales, enhanced northwards
Ekman transport caused by a positive SAM is associated with sur-
face cooling (Fig. 7a). Over time, prolonged positive SAM results in
increased Ekman upwelling of warm Circumpolar Deep Water into
the surface layer, resulting in surface warming'®. This two-timescale
response could explain the changes in the Southern Ocean surface
temperatures since the 1980s with temperatures decreasing dur-
ing 1980-2010 but subsequently increasing'*®'””. There are many
questions about the two-timescale hypothesis. First, the timing of
the two-timescale response is highly uncertain, with modelled esti-
mates ranging from3to 25 years to transition from surface cooling to
warming, and, in some cases, the transition never occurring'©>9810%,
The estimated timescales from models are highly dependent on the
specific model characteristics, including horizontal resolution and
ocean stratification. Additionally, higher-resolution ocean models
suggest that the increase in upwelling is substantially reduced by
eddy compensation", Second, although the initial cooling is robust
in observations™ and models'°®"?, this cooling is not only driven by
Ekman transport but also includes atmospheric drivers and ocean

mixing">". Thus, further evaluationis needed to confirmthe real-world
impact of the two-timescale response.

Some physical mechanisms of how the SAM will affect Southern
Oceancirculation throughout the twenty-first century are reasonably
well understood, but a robust projection is still elusive, mainly owing
to uncertainty in the eddy field response. There is broad agreement
across models that a sustained positive SAM over the twenty-first
century will drive an increased meridional overturning circulation®;
however, there are large uncertainties regarding the effect of achang-
ing mesoscale eddy field on the strength and vertical structure of this
response (Fig. 7a). Further, sea ice-related freshwater fluxes influ-
ence Southern Ocean circulation"*' but their role in mediating the
response to the SAM, including on dense shelf water production, has
not yet been explored. Thus, the response of ocean circulation to
a sustained positive SAM trend over the twenty-first century could
be affected by wind-driven changes and seaice changes, the latter
of which are currently poorly represented in climate models. Addi-
tionally, further work is needed to explore how a long-term weakly
negative SAM under net-zero emissions might affect Southern Ocean
circulation.

Antarcticseaice

The responses of regional sea ice to the SAM exhibit substantial vari-
ability. During positive SAM, strengthened surface westerly winds
drive the northwards Ekman driftinseaice, pushing theice edge north-
wards and increasing the total sea ice extent. However, the response
of seaice to the SAM varies between regions and with the season®**
(Fig. 6¢e,f). Meridional winds, specifically winds normal to the ice edge,
have a stronger impact on sea ice extent than zonal winds"*™"%, The
Amundsen Sea Low drives meridional winds, causing a dipole pat-
ternin sea ice response: poleward winds limit sea ice in the Weddell
and Bellingshausen seas and equatorward winds increase ice cover
in the Amundsen and Ross seas™’ (Fig. 6). As such, SAM asymmetry
andthe Amundsen Sea Low have adisproportionately largeimpact on
West Antarctic sea ice coverage®*''”'?°, Despite having regionally
varying impacts on sea ice, summer-positive SAM is associated with
increased seaice in most regions, except around the Antarctic Pen-
insula (Fig. 6e). Research on the SAM impact on sea ice has been pri-
marily focused on surface winds; however, climate models suggest
that increased cloud cover and precipitation associated with posi-
tive SAM also contribute to increased sea ice coverage'”, albeit to a
lesser extent.

There hasbeenmuchinterestinthe contribution ofthe SAM to the
evolution of sea ice coverage. Since regular satellite records began in
thelate 1970s, Antarctic seaice coverage (as measured by seaice area
and extent) underwent a sustained positive trend until 2014, followed
by asudden drop in 2015-2016, and has been in a sustained low state
since then'"”?2, An unusually negative SAM is widely thought to have
been a factor in the notable loss of sea ice in November to December
2016 (refs.123,124). However, very low seaice summers then occurred
in 2022, 2023 and 2024 during positive SAM'”". Emerging evidence
points to large late-winter to early spring variations in the SAM con-
tributing to declines in the Antarctic sea ice area since 2016 (ref. 125),
noting that extreme winter declines since 2023 have been strongest
in early mid winter'”’.

Although overall sea ice coverage is expected to increase with
positive SAM, coupled climate models show decreased Antarctic seaice
cover inresponse to a sustained positive SAM™®, This disparity might be

explained by differencesin the two-timescale response hypothesis'®,
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a NDJFMA, surface air temperature

b MJASO, surface air temperature

Fig. 6 | Seasonal surfaceimpacts of the SAM.
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and/or by changes in mixing between the deep ocean and mixed layer
and the associated vertical heat fluxes. Despite its strong influence on
regional seaice variability and trends, the SAM appears to have a very
limited impact on the total Antarctic seaice area?”?® and is unlikely to
have driven historical seaice trends'”.

The sensitivity of sea ice to SAM asymmetry has implications for
the future of Antarctic seaice. The traditional dipole seaice response
to positive SAM (more sea ice in the Amundsen Sea compensated by
less seaice near the peninsula; Fig. 6f) meansthat over the satellite era,
the net SAM response of the circumpolar sea ice area has been small.
However, the sensitivity of sea ice to the SAM might change with pro-
jected changes in SAM asymmetry. Furthermore, the influence of the

changing seasonality of SAM trends — shifting from summer intensified
during the ozone-depletion era to year round by the late twenty-first
century —onseaice remains uncertain.

High-latitude ocean and ice shelves

Mass loss from the Antarctic Ice Sheet is an important contribu-
tor to global sea level rise and is the largest source of uncertainty
in projections of future sea level'*'*, Mass loss from the Antarctic
Ice Sheet accelerated over 1992-2020, contributing to 5-15% of
the observed global sea level rise during this time"°. Floating ice
shelves buttress the land-based ice sheet, so thatice shelf basal melt-
ing — which can be mediated by the strength and position of the

Nature Reviews Earth & Environment


http://www.nature.com/natrevearthenviron

Review article

mid-latitude westerly jet, and thus the SAM — can indirectly affect
the rate of mass loss.

Around the Antarctic margins, positive SAM weakens the Antarctic
Slope Current and the coastal currents, enabling more warm Circum-
polar Deep Water to flow onshore™*2, The currents on and along the
Antarctic slope and coast are the primary barriers to the transport of
ocean heat towards the Antarcticice shelves (Fig. 7a). Ocean melting of
theseiceshelves hasacritical rolein mediating the contribution of Ant-
arcticatosealevel rise’. The heat content of the Antarctic shelfwaters
has increased since the 1970s, especially in West Antarctica™*'*, This
increaseisin part due to enhanced westerly winds, as continental shelf
winds drive the transport of ocean heat™**"*® on the shelf and basal melt-
ing, particularly at several rapidly thinningice shelves in the Antarctic
Peninsulaand Amundsen Sea™""*®, The positive SAM trend is linked with
strengthened westerly wind stress or weakened high-latitude easterly
wind stress over the continental slope and shelf regions (Fig. 6¢,d).
These winds favour the upwelling of Circumpolar Deep Water onto the
continental shelf and might cause warming at ice cavity depths™"***!
(Fig. 7a). However, the cavity response is regional and depends on
local wind-driven vertical mixing and surface buoyancy fluxes™""*7*,

Historical and future changes in the SAM affect the latitude and
strength of the zonal winds near the Antarctic coast. Positive SAM
shifts ocean circulation features southwards, modifying how the ocean
andice shelvesinteract, for example, by bringing regions of upwelling
warm deep water closer to the continental shelf***'**, Even in regions
where these latitude shifts have not directly affected the oceancircula-
tion, changes initiated by wind perturbations can propagate around
the Antarctic coastline, possibly leading to effects in distant coastal
locations'*. Anthropogenic forcings caused the shelf-break winds in
the Amundsen Seato transition from easterliesin the 1920s to the pre-
sent near-zero zonal-mean zonal winds, leading to persistentintrusions
of warm ocean water onto the continental shelf'**. Additionally, positive
SAMtrendsdriven by greenhouse gas emissionslead toadecreasein the
historical and projected strength of near-Antarctic easterly winds' %,

The projected sustained positive SAM will strongly influence the
temperature on the continental shelf throughout the twenty-first
century. Increased transport of warm Circumpolar Deep Water onto
the continental shelf caused by the positive SAM phase is likely to be
detrimental to Antarctica’sice shelves by increasing basal melt of the
shelves. Wind-driven shiftsin the intensity or position of the Antarctic
slope current will modify the temperature of the water on the shelf
and therefore exert a strong influence over the heat budget of the
Antarctic margins.

Antarcticlce Sheet
The SAM can affect Antarctic mass changes via the ocean (as described
above), and via more direct atmospheric processes. By influencing
the large-scale atmospheric circulation and moisture flux towards
the Antarctic continent, SAM affects the surface mass balance of the
AntarcticlceSheet (Fig. 7a). The Antarctic temperature response tothe
SAMis broadly spatially consistent, except over the Antarctic Peninsula
(Fig. 6a,b). Positive SAM is associated with anomalously warm condi-
tions over the Antarctic Peninsula and cool conditions across West
and East Antarctica'* ™. The magnitude of this response is strong-
est (0.4-0.8 °C) inthe cool season (Fig. 6b). Negative SAM s linked to
elevated summer temperature across West and East Antarctica, and
increased surface meltwater onice shelves™?,

The relationship between the SAM and Antarctic precipitation is
spatially heterogeneous' (Fig. 6¢,d). Positive SAM is associated with

increased precipitation over the Antarctic Peninsula, and decreased
precipitation over the Amundsen coast of West Antarctica (Fig. 6¢,d).
As with temperature, the strength of the precipitation response to
the SAM phase is strongest in the cool season. However, there is high
uncertainty in the response of Antarctic precipitation to the SAM owing
to the lack of good-quality, long-term precipitation records over the
continent™*. Analysis covering1979-2013 identified increased precipi-
tationover the Antarctic Peninsulainassociation with positive SAM, but
alsoincluded decreased precipitation over East Antarctica™, whichis
not apparent for 1979-2023 (Fig. 6¢,d). This difference highlights the
uncertainty inthe response of Antarctic precipitation to SAM. Further,
Antarctic precipitation variability is marked by standalone events such
asextreme precipitation events, whichare linked to atmosphericriver
events"®. Negative SAM is associated with an increased frequency of
extreme precipitation events owing to increased Rossby wave break-
ing on the poleward side of the mid-latitude westerly jet"’. Therefore,
the negative SAM s often associated with atmospheric rivers'>515¢158;
however, this relationship is weak and regionally specific’.

The influence of the positive SAM trend on surface mass bal-
ance and ice sheet variability since the 1980s remains unclear. Since
the 1990s, Antarctic surface mass balance has shown no significant
trend (owing to large interannual variability), whereas Antarctic Ice
Sheet mass balance has declined”*". Climate models suggest that
ozone depletion and the positive summer SAM trend over the late
twentieth century were associated with increased precipitation and
surface mass gain over West and East Antarctica>**'®° over the sec-
ond half of the twentieth century. Conversely, ice core accumulation
records suggest that the positive SAM trend reduced net precipitation
accumulation', These diverging results could be related to the offset
seasonal response between the summer SAM trend and dominant cool
season precipitation. Further, the increase in snowfall accumulation
across Antarctica has been explained by synoptic-scale processes'*?,
rather than the annual-mean SAM trend, which probably primarily
reflects the summer trend in the SAM over the satellite era. Therefore,
itis important to examine the influence of the projected year-round
positive SAM trend on Antarctic surface mass balance over the
twenty-first century.

Timescales of ice sheet variability are much longer than those of
SAMyvariability. Comparingthe SAM andice sheet interannual variability
suggests that the SAM has minimalinfluence on Antarctic Ice Sheet mass
change'®*'**, However, using trends or cumulative SAM indices identi-
fied periods of prolonged positive and negative SAM influence on Ant-
arcticlce Sheet variability, primarily through precipitation changes'*>'*®,
The percentage of ice sheet variability explained by the cumulative
SAM varies from 55% for West Antarctica'®® (with minimal SAM influ-
ence in East Antarctica and the Peninsula) to 67-72% for the total ice
sheet'®. More pertinently, potentially ~40% of the total Antarctic ice
loss during 2002-2021 s attributed to the prolonged positive SAM™.
However, cumulative time series are hard to interpret physically and
presentalarge degree of autocorrelation, and the observational record
of AntarcticIce Sheet balanceis very short,somoreresearchisneeded.

Southern Ocean biogeochemistry

The effects of the SAM on Southern Ocean circulation are globally
important because the Southern Ocean has an outsized role in the
global carbon cycle'”. The Southern Ocean is the largest oceanic sink
of anthropogenic carbon, representing approximately 43 + 3% of the
global uptake of anthropogenic carbon by oceans'®. This regionis also
animportant source of natural CO,to the atmosphere, asitisupwelled
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arrows represent changes associated with positive SAM. The SAM affects the
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and outgassed by the mean-state circulation. These processes are
mediated by variability and changes in the SAM (Fig. 7b).

Total CO, uptake in the Southern Ocean has exhibited a large
decadal-scale variability since the 1980s'*®, mostly owing to changes
in natural CO, uptake'®. Enhanced oceanic upwelling of natural carbon
during positive SAM increases outgassing of carbon to the atmosphere
by upto0.2 GtC yr™ (Fig. 7b). Positive SAM increases surface dissolved
inorganic carbon south of the polar front'7°7?and deepens the mixed
layer'”, increasing the vertical flux of dissolved inorganic carbon at
the base of the mixed layer'”™. These processes increase the dissolved
inorganic carbon concentration and partial CO, pressure of the surface
waters, increasing the outgassing of natural carbonto the atmosphere
south of the polar front70-7>7417,

Positive SAM also affects the uptake of Southern Ocean anthro-
pogenic CO,. A deepened mixed layer, in association with higher rates
of subduction and bottom water formation resulting from positive
SAM (Fig. 7a), enhances the uptake of anthropogenic CO, and the
entrainment of anthropogenic dissolved inorganic carbon in the
ocean'®"517 (Fig, 7b). However, this enhanced uptake of anthro-
pogenic CO, is equivalent to about 30% of the outgassing of natural
CO, (refs. 171,175). Hindcast simulations suggest that total South-
ern Ocean CO, uptake is reduced by 0.1-0.2 GtC yr™* during positive
SAM because natural CO, outgassing exceeds the uptake of anthro-
pogenic CO, (refs. 171,175). However, observations integrated over
the whole Southern Ocean suggest that the SAM does not affect total
CO, uptake'®. This difference between modelled and observed trends
couldbeattributed toanincreasein Southern Ocean surface buoyancy
throughout the twenty-first century resulting from increased sur-
face warming and freshening*'®, Southern Ocean carbon fluxes are
dependent onthe stratification of the Southern Ocean; therefore, the
increased surface buoyancy could provide a compensating negative
feedback to the wind-driven SAM-related carbon fluxes.

Ocean circulation changes driven by the SAM affect Southern
Ocean biogeochemistry beyond carbon. The overturning circulation
response to positive SAM increases the subduction of nutrients into
mode and intermediate waters, with flow-on effects to productivity at
lower latitudes'™. The SAM also affects the depth of the mixed layer,
which in turns affects phytoplankton growth'. For example, during
positive SAM, the mixed layer deepens by up to 100 m in the eastern
Indian Ocean and the central Pacific Ocean north of the polar front,
reducing chlorophyll concentrations by up to 0.02 mg m™ owing to
reduced light availability'”. Additionally, SAM-induced upwelling
southofthe polar frontalleviates the iron limitations on productivity',
increasing surface chlorophyll by up to 0.1 mg m™ for a one stand-
ard deviation SAM increase'®, albeit with some seasonal and spatial
asymmetry'®*, leading to increased carbon uptake'? (Fig. 7b). The
composition of under-ice phytoplankton communities is also sensi-
tive to the SAM owing to the effect of the SAM on seaice seasonality.
Towards the equator, SAM-induced circulation changes lead to con-
vergence around the sub-Antarctic front, reducing productivity and
thus carbon uptake'’>'®,

Asthe SAM continuesits positive trend over the twenty-first cen-
tury, the capacity of the Southern Ocean to take up carbon is likely to
decrease. Meltwater input from Antarcticais also projected to weaken
the lower overturning cell by about 40% by 2050 (ref. 186). This weak-
ening would affect the Southern Ocean biogeochemical response
by increasing stratification and reducing both the uptake of anthro-
pogenic carbon and outgassing of natural carbon. The net effect on
contemporary carbonwill, however, depend onmany factors, including

carbon emissions and surface ocean warming, and will thus need to be
studied in detail.

Summary and future perspectives

Positive trends in the SAM since the mid-twentieth century are unprec-
edented over the last millennium®. These trends are particularly strong
in austral summer owing to ozone depletion during the 1970s to 1990s
(ref. 51) with a year-round contribution from increasing greenhouse
gases®. Ayear-round positive trend in the SAM is projected to continue
over the twenty-first century under high to very high emissions path-
ways'*, whereas stabilization due to the competing effects of ozone
recovery and increasing greenhouse gases is found in lower emission
pathways. Further work is needed to refine how the SAM will change
under net-zero and net-negative emissions pathways. The effects of the
SAMonSouthern Ocean circulation', ice shelf melt, meridional moisture
transport and Antarctic snow accumulation'*® will have long-termimpli-
cations on Antarctic mass changes and thus sealevelrise. Therefore, an
improved understanding of the SAM and its projected effects are needed
toinform climate adaptation over the twenty-first century and beyond.

Improved theory, models and modelling systems are needed to
better simulate and understand the SAM and its connections with the
polar vortex, weather systems, tropical teleconnections and the cryo-
sphere. Such developments could include the incorporation of cou-
pling between dynamics and chemistry, and increased horizontal and
verticalmodel resolution inthe atmosphere and ocean'®”'*%, Research
suggests a link between the SAM and sea surface temperature trends
in the tropical Pacific Ocean, with stronger winds over the Southern
Oceanleadingto cooler seasurface temperatureinthe Southern Ocean,
which subsequently affects sea surface temperatures in the tropical
eastern Pacific'®. Thus, improved representation of the SAM and its
effects could also improve simulations of tropical Pacific trends'™.

There is growing recognition that the SAM comprises zonally
symmetric and asymmetric components. Although coupled models
represent the symmetric component of the SAM well, they do notaccu-
rately represent the asymmetric component'?°. This model deficiency
hasimplications for the simulation of SAM teleconnections sensitive to
theasymmetric component, for example, across eastern Australia®*'”",
southeastern South America®®?>' and around Antarctica* ™", The
strengthening of the asymmetric component of the SAM over the satel-
lite era*?>*? further motivates the need for improved representation
of SAM asymmetry.

A better understanding of the competing influences of strato-
spheric ozone recovery and continued greenhouse gas increases on
the SAM and theimplications for changed seasonality in SAM trends is
required tobetterinterpret Southern Hemisphere climate projections.
Hist-stratO3 experiments use prescribed ozone to isolate the effect
of ozone depletion on the climate; however, this approach leads to a
mismatch between atmospheric dynamics and chemistry®'®. Experi-
ments without interactive stratospheric chemistry can erroneously
attribute the relative importance of individual forcings to SAM trends®.
Furthermore, the inclusion of tropospheric ozone (included in most
previous prescribed ozone experiments but notin CMIP6) and ozone
depleting substances (included in Chemistry-Climate Model Initiative
experiments) can complicate the attribution to stratospheric ozone
alone. Designing experiments to separate these various anthropogenic
forcingsinthe presence of internal variability is thus critical toinform
future projections of the SAM. Large-ensemble single-forcing experi-
ments are underway that could enable amore complete attribution of

anthropogenic forcing on the SAM and its regional effects'**.
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Glossary

Amundsen Sea Low

A climatological persistent low-pressure
centre located in the Pacific sector of
the Southern Ocean off the coast of
West Antarctica, over the Amundsen
and Bellingshausen seas.

Antarctic Bottom Water

A cold, dense water mass formed near
Antarctica from dense shelf water that
sinks and spreads along the ocean
floor into the deepest parts of the
global ocean; it has a key role in global
meridional ocean circulation and
climate regulation.

Antarctic Circumpolar Current
A major eastwards-flowing ocean
current that encircles Antarctica,
connecting the Atlantic, Indian and
Pacific oceans, thereby facilitating the
global exchange of heat, freshwater
and nutrients.

Antarctic Slope Current

A high-latitude westwards-flowing
current on the edge of the Antarctic
continental shelf that encircles

most of the continent and forms a
boundary between the open ocean and
continental shelf waters, regulating the
transport of water towards the continent.

Antarctic stratospheric vortex
A band of strong winds blowing from
the west to the east, encircling the
mid-latitude to sub-Antarctic region in
the stratosphere (~10-55km altitudes),
typically present from austral late
autumn to late spring.

Anthropogenic carbon
Carbon within the atmospheric,
oceanic or terrestrial realm that is of
anthropogenic origin.

Circumpolar Deep Water

A water mass that upwells to the near
surface of the polar and subpolar
Southern Ocean, consisting of a blend
of deep water masses from the Atlantic,
Indian and Pacific ocean basins, with
about half sourced from North Atlantic
deep water.

Coupled Model
Intercomparison Project
phase 6

(CMIP6). The internationally
coordinated set of defined climate
model experiments and shared model
outputs from modelling groups around
the world.

Ekman transport

Also termed Ekman drift; a wind-driven
flow of water in the upper surface

layer of the ocean resulting from a
combination of wind drag and the
Coriolis effect, which deflects the flow
to the left of the wind in the Southern
Hemisphere, and to the right of the wind
in the Northern Hemisphere.

Dense shelf water

A dense water mass formed on the
Antarctic continental shelf through sea
ice production whose temperature is
therefore the local freezing temperature
and its density is set by its salinity.

El Niflo Southern Oscillation
(ENSO). A naturally occurring
fluctuation in sea surface temperatures
coupled with winds and pressure
across the tropical Pacific Ocean,
associated with sustained warming
(ELNifo) or cooling (La Nifa) in the
central and eastern tropical Pacific,
typically occurring every 2-7years.

Dissolved inorganic carbon
The sum of bicarbonate (HCO,") and
carbonate (CO,%) ions, plus aqueous
CO, (COyy), alsoreferred to as
carbonic acid, H,CO,.

Ferrel cell

The mid-latitude component of

the extratropical mean meridional
circulation, consisting of poleward flow
near the surface, upwards motion near
the mid-latitude jet, equatorward flow
aloft and subsidence in the subtropics.

Eddy

A transient disturbance that deviates
from the mean flow in the atmosphere
or ocean (includes cyclones and
anticyclones in the atmosphere).

Eddy momentum flux
convergence

The net transfer of zonal momentum
from atmospheric eddies into the mean
flow, resulting in westerly acceleration
of the zonal-mean flow caused by the
propagation of waves away from their
source region.

Hadley circulation

Also termed Hadley cell; the thermally
driven mean meridional circulation
characterized by rising warm, moist air
in the tropics; poleward motion aloft;
sinking cooler, drier air in the subtropics;
and equatorward flow at the surface,
transporting energy, momentum and
moisture between these regions.

Chlorophyll

The photosynthetic pigment contained
in land plants and ocean phytoplankton,
used here as a proxy for phytoplankton
abundance and, approximately, ocean
productivity.

Eddy momentum flux
divergence

The net removal of zonal momentum
from the mean flow by atmospheric
eddies, corresponding to deceleration
of the zonal-mean flow due to breaking
waves.

Interdecadal Pacific
Oscillation

A naturally occurring decadal-to-
multidecadal fluctuation of Pacific sea
surface temperatures, coupled with
atmospheric circulation, with a spatial
pattern resembling ENSO but extending
into the extratropical Pacific.

Madden-Julian Oscillation

A pulse of tropical convective activity
(cloud and rainfall) that propagates
eastwards near the equator, from

the Indian Ocean to the western
Pacific Ocean, with a cycle repeating
approximately every 30-60days.

Mid-latitude eddy-driven jet
Aband of strong westerly winds
extending from the surface to the upper
troposphere in the mid-to-high latitudes
of both hemispheres, driven by eddy
momentum flux convergence. Unlike
the subtropical jet, the mid-latitude
eddy-driven jet arises from the
cumulative effect of eddies rather than
acoherent flow.

Natural carbon

Carbon within the atmosphere, oceanic
or terrestrial realm that has not been
affected by anthropogenic emissions
of carbon, considered equivalent to
pre-industrial carbon.

Net-zero emissions

The balance of anthropogenic carbon
dioxide emissions with equivalent
uptake of carbon from the atmosphere
through anthropogenic activities
(sometimes net-zero emissions are used
to refer to all greenhouse gases rather
than just carbon dioxide).

Pacific-South American
pattern

A Rossby wave train that extends
from the central Pacific Ocean to
the Amundsen and Weddell seas,
manifesting across intraseasonal to
decadal timescales.

Rossby waves

Large-scale (planetary) or
synoptic-scale waves in the atmosphere
that arise from the variation of the
Coriolis effect with latitude.

Subtropical jet

A band of strong westerly winds
located in the upper troposphere of
the subtropics on the poleward side of
the Hadley cell of both hemispheres,
peaking in winter.

Surface mass balance

The net effect of ice sheet mass gain
due to precipitation, and mass loss
primarily by temperature-driven
surface melt.
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Understandingtheinterplay between the atmosphere and oceanas
drivers of the exceptionally low Antarctic seaice coveris atopic of much
interest. Thereislow confidencein the ability of models to project the
response of the Southern Ocean and seaice to achanging SAM'’, owing
toknownmodel deficiencies, such as the Southern Ocean cloud-related
radiative bias'” and representation of ocean mixing'*°. Ongoing moni-
toring of the subsurface Southern Ocean and field campaigns will help
to investigate these problems. Efforts to explore the contribution of
prolonged positive SAM and increased Ekman upwelling to surface
and subsurface ocean warming will strengthen understanding of the
interconnections between the atmosphere, ocean and sea ice, and
improve projections of future seaice and Southern Ocean changes.

The SAM also has a fundamental role in setting the surface mass
balance of Antarctica’s ice sheets, by regulating coastal winds, snow-
fall rates and regional air temperatures. Reconciling the multiple
approaches examining the drivers of Antarctic surface mass balance
inthe observational record and Earth system modelsis critical to under-
standing past, present and projected changes of Antarctic surface
mass balance. Yet understanding of the processes linking the SAM
to Antarctic coastal climate variability is limited, with little known,
for example, about how the SAM interacts with katabatic winds, or
how these interactions might link with changing Antarctic margin
conditions. Process-based studies that resolve these interactions are
needed, combiningavailable observations and high-resolution model
simulations. Additionally, the effect of SAM on Antarctic margin ocean
circulation, properties and ice shelf melting is poorly understood,
although this probably varies regionally, depending onlocal ocean con-
ditions, shelf circulationand ice cavity geometry. Therefore, atargeted
examination of individual cavity systems is needed to understand the
cumulative effect of projected SAM changes on Antarctic ice shelves.
In addition, more research is needed to understand how the SAM will
influence Antarctic surface mass balance throughout the twenty-first
century. Ultimately, this requires the development of Earth system
models that properly integrate Antarctica’s ice sheets and ice shelves
inatruly coupled framework.

Data availability

Figures1-6 were made using datafrom ERAS (ref.197), whichis available
athttps://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5.
Figures 1c and 4b used the Marshall SAM index*, which is available at
http://www.nerc-bas.ac.uk/icd/gjma/sam.html. Figure 1c also used the
US National Oceanographic and Atmospheric Administration Antarctic
Oscillation'®, which is available at https://www.cpc.ncep.noaa.gov/
products/precip/CWlink/daily_ao_index/aao/aao.shtml.Figures4 and 5
were made using CMIP6 data'*® available from the Earth System Grid
Federation https://aims2.1Inl.gov/search. Figure 4a was also made using
datafromthe Paleoclimate Modelling Intercomparison Project phase 3
data'’, whichis also available from the Earth System Grid Federation.
Figure 4c was made using data from ACCESS-ESM1.5 emissions-driven
runs’®, with dataavailable at https://doi.org/10.5281/zenodo.17364274.
Figure 5e,f was made using data from the National Snow and Ice Data
Center Climate Data Record version 4 seaice concentration®’, available
from https://nsidc.org/data/g02202/versions/4.

Code availability
Analysis code to reproduce Figs. 1-6 is available via Zenodo at
https://doi.org/10.5281/zenodo.17393582.
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