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Tropical teleconnection impacts
on Antarctic climate changes

Xichen Li
Marilyn Raphael®°, David M. Holland

Shang-Ping Xie®'’, Eric J. Steig
Matthew A. Lazzara®?"??, Xianyao Chen

opportunities to reduce these uncertainties.

Over the course of the satellite era, a series of rapid and
interconnected climatic changes have been observed
over Antarctica and the Southern Ocean. For example,
subsurface ocean temperature and ocean heat content
increased'~’, surface air temperatures (SATs) rose over
West Antarctica and the Antarctic Peninsula’®, many ice
shelves and portions of the ice sheet experienced thin-
ning®” and hemispheric sea ice increased up until 2015
but decreased rapidly thereafter®'>. These changes have
marked implications for polar ecosystems'>', sea level
rise'*'¢, water mass formation and ocean circulation'’"’.

Such shifts have been attributed to several factors.
These include changes in the Southern Annular Mode
(SAM)”, particularly a trend towards positive phases
associated with increased greenhouse gas (GHG)
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Abstract | Over the modern satellite era, substantial climatic changes have been observed in

the Antarctic, including atmospheric and oceanic warming, ice sheet thinning and a general
Antarctic-wide expansion of sea ice, followed by a more recent rapid loss. Although these
changes, featuring strong zonal asymmetry, are partially influenced by increasing greenhouse
gas emissions and stratospheric ozone depletion, tropical-polar teleconnections are believed

to have a role through Rossby wave dynamics. In this Review, we synthesize understanding of
tropical teleconnections to the Southern Hemisphere extratropics arising from the El Nifio—
Southern Oscillation, Interdecadal Pacific Oscillation and Atlantic Multidecadal Oscillation,
focusing on the mechanisms and long-term climatic impacts. These teleconnections have
contributed to observed Antarctic and Southern Ocean changes, including regional rapid surface
warming, pre-2015 sea ice expansion and its sudden reduction thereafter, changes in ocean

heat content and accelerated thinning of most of the Antarctic ice sheet. However, due to limited
observations and inherent model biases, uncertainties remain in understanding and assessing

the importance of these teleconnections versus those arising from greenhouse gases, ozone
recovery and internal variability. Sustained pan-Antarctic efforts towards long-term observations,
and more realistic dynamics and parameterizations in high-resolution climate models, offer

emissions and stratospheric ozone loss*-**. Anthro-
pogenic warming® and internal multidecadal varia-
bility of the Antarctic-Southern Ocean system®***” are
also thought to have contributed to observed changes.
However, none of these factors, including anthro-
pogenic forcings, are able to fully explain the observed
surface changes, particularly their seasonality and spatial
heterogeneity.

In West Antarctica, for instance, near-surface air
temperature increases are twice the global average*>*.
In East Antarctica, by contrast, negligible warming
or slight cooling has occurred, with an overall (albeit
uncertain) increase in ice mass*. Moreover, before
the sudden sea ice loss starting in 2015, Antarctic sea
ice extent increased amidst anthropogenic warming
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Anthropogenic forcings
Climatic forcings linked

to anthropogenic factors,
typically, increased greenhouse
gas concentrations associated
with fossil fuel burning,

sulfate aerosols produced

as an industrial by-product,
stratospheric ozone depletion
and human-induced changes
in land surface properties.

(the so-called sea ice paradox), with a regional redistri-
bution of sea ice between the Ross Sea and Amundsen-
Bellingshausen Seas®~*”. These zonally asymmetric
changes cannot be fully explained by anthropogenic
forcings®*?****= Instead, variability in the circulation
of the Amundsen Sea Low (ASL) — linked to internal
tropical ocean variability and subsequent tropical-polar
teleconnections — has been found to be important™***-%°,

The notion of a tropical-polar connection has long

been established, as demonstrated by the known impact
of the EI Nifio—Southern Oscillation (ENSO) on Antarctica.
During El Nifio events, convective heating of the tropical
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atmosphere generates stationary Rossby wave trains**~*

with alternating centres of high-pressure and low-
pressure anomalies, curving poleward and eastward
towards Antarctica (and the Arctic; see BOX 1), where
they interact with the ASL. Combined with internal var-
iability, driven in particular by the SAM* and, possibly,
the Antarctic Circumpolar Wave®, these anomalous circu-
lation features impact interannual sea ice distribution,
SAT and precipitation through wind-driven dynamic
and thermodynamic responses™->°.

Following a growing body of evidence suggest-
ing that teleconnections can also originate from other
tropical oceans®>****, that their combined impact can
be substantial® and that they can operate on multi-
decadal timescales”, tropical trends and subsequent
tropical-polar connections have emerged as an active
area of research for understanding longer-term cli-
matic changes in Antarctica. In particular, multidecadal
sea surface temperature (SST) variability associated
with the Interdecadal Pacific Oscillation (IPO) and the
Atlantic Multidecadal Oscillation (AMO) is believed to be
a potential driver of multidecadal changes in Antarctica
through low-frequency modulation of tropical-polar
teleconnections and their time-averaged impact™.

In this Review, we synthesize progress on tropical-
polar teleconnections, focusing on their relationships
with multidecadal climatic change in Antarctica. We
begin by reviewing the physical mechanisms govern-
ing tropical-Antarctic teleconnections on interannual
timescales, followed by a discussion of their impacts.
Next, we outline how such mechanisms apply on
multidecadal timescales and their role in driving con-
temporary climatic change in Antarctica. We end by
considering how teleconnections might change in the
future and offer future research priorities.

Interannual teleconnections

Before considering the decadal-scale influence of
tropical-polar teleconnections, it is important to first
consider their mechanisms on interannual timescales,
the impacts of which form the basis of any longer-
term effects (FIG. 1). Considering that ENSO events
dominate tropical climate variability on interannual
timescales®, driving observed circum-Antarctic climatic
changes, ENSO-related teleconnections are used as the
foundation for understanding Southern Hemisphere
tropical-polar connections. Focus is given to atmos-
pheric circulation anomalies associated with stationary
planetary waves and the zonal-mean circulation, before
discussing teleconnections emanating from the tropical
Atlantic and Indian Ocean.

Stationary wave dynamics

The most widely recognized teleconnection mecha-
nism is a stationary Rossby wave. When generated by
an ENSO event, the atmospheric signature of this wave
train is referred to as the Pacific-South American (PSA)
pattern°®"** (FIC. 1a). In the case of an El Nifo event, the
PSA pattern is initially related to positive SST anom-
alies in the tropical Pacific. Depending on how these
SST anomalies project onto background climatolog-
ical conditions, thresholds of 27.5°C can be exceeded

www.nature.com/natrevearthenviron
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Box 1| Tropical teleconnections and a bi-polar linkage

Rossby wave dynamics operate IPO-induced Rossby wave train

in both the Northern Hemisphere

and the Southern Hemisphere.

Contemporary regional

circulation and cryosphere

Amundsen Sea Low changes in the Arctic and

(ASL). A climatological Antarctic are, therefore,

low-pressure centre located synchronized to the same

over the southern end of the .

Pacific Ocean off the coast of tropical sea surface temperature
variability, specifically, that

West Antarctica, that exhibits
substantial variability in related to the Interdecadal

strength, influencing the Pacific Oscillation (IPO). For
climate of West Antarctica example, during 1979-2013,
and the adjacent oceanic IPO-related cooling of the
environment. eastern Pacific is linked to

bi-polar teleconnections, as
observed by removing the zonal
mean component from 200-hPa
geopotential height trends

(see figure). This global

El Nifio—Southern
Oscillation

(ENSO). An irregular periodic
variation in winds and sea
surface temperatures over

4. Rossby wave propagation

the tropical Pacific Ocean on teleconnection consists of a o 5. Barotropic anticyclone
interannual timescales; the two-pronged, large-scale

warming phase, EI Nifio, is Rossby wave train extending 200 hPa

characterized by anomalous from the tropical Pacific to 3. Gill pattern

warm sea surface temperature the North Atlantic and West 6. Surface-friction-driven

over the equatorial central- adiabatic descent-and

Antarctic separately. There is

superimposed on the uniform Pacific to the Arctic in a great

eastern Pacific, together with " . A N ~warming i
high and low surface pressure eyldence.to sugge.st that this | ‘
in the tropical westem and bi-polar linkage might represent ;
eastern Pacific, respectively, alow-frequency internal mode in . S— |
and the cooling phase, the climate system that recurred 1 2 SUbsiden=s warrin ‘
La Nifia, with generally on multidecadal timescales over . N moister;ing 9 ;
opposite conditions. the past two millennia®®®. 500 hPa e " :

) For the Northern Hemisphere, !
Rossby wave trains the IPO's transition to a cooling
A series of.cyclor.nc anq phase in the eastern Pacific 2. Reduced convection o i
anticyclonic vortices with . . —_— - |
a typical spatial scale triggered a Rossby wave train !
of a thousand Kilometres, that extends from the tropical 1 ¢ :

west-to-east flow, making up a arc, with a barotropic high- 8. Increased longwave
succession of wave packages pressure system over Greenland emission
occurring at periodic intervals. (Sf-!e.flgure). At the.surface., 850 hPa
e friction causes anticyclonic
Antarctic Circumpolar Wave winds to diverge, leading to {

Large-scale oceanic and .
8 downward movement of air

atmospheric patterns, .

propagating zfastward around to conserv.e ma.ss. As. the air 1. ktcentral Pacific cooling

the Southern Ocean with the descends, it adiabatically warms, ~ ———

Antarctic Circumpolar Current, allowing it to hold more T —

on interannual and sub- moisture, and, therefore,

decadal timescales. Features increase low boundary cloud cover through increasing relative humidity below the inversion layer’®®. The combination
can be detected in sea level of a warmer, cloudier and more humid atmosphere increases downward longwave radiation, contributing to surface
pressure, sea surface height, warming and increased sea ice melt. Thus, owing to the location of pressure anomalies, the IPO has almost opposite
sea surface temperature impacts on the two polar regions, favouring climatic asymmetry between the Northern Hemisphere and the Southern
aﬁd atmosphenc/oceamc Hemisphere?’.

circulation.

Other tropical modes of variability, including the Asian summer monsoon?**?’°, quasi-biennial oscillation?’* and
Interdecadal Pacific Madden-Julian Oscillation?’**’*, also drive anomalous Arctic circulation through stationary Rossby wave trains”*%?’?
Oscillation and corresponding stratosphere—troposphere coupling?’’. These circulation anomalies have favoured contemporary
(IPO). A climate mode sea ice melt via increases in temperature, humidity’*®?’! and sea ice export.

describing changes

in Pacific sea surface icallv in th 1 ical ifi . . b ical h Th
temperature on 20-30-year (typically in the central tropical Pacific), triggering subtropical upper troposphere. These wave sources

timescales; positive phases anomalous convective motion in the atmosphere®. subsequently excite a pattern of stationary Rossby
are characterized by an This convection produces anomalous diabatic heat- ~ waves™, characterized by an anomalous low-pressure
anomalous warming over the ing in the mid-troposphere and accelerates the local centre east of New Zealand, a high-pressure anom-
tropical eastern Pacific and . . . . . .
: Hadley circulation, forming anomalous convergent flows  aly near the Amundsen Sea (thereby, interacting with
cooling patterns over the X . )
at the descending branch that perturb the subtropical jet ~ the ASL) and another low-pressure centre over South

extratropical-mid-latitude
western Pacific. and generate an anomalous Rossby wave source in the =~ America and the South Atlantic (FIG. 1a).
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Atlantic Multidecadal
Oscillation

(AMO). A climate mode

that affects the sea surface
temperature over the North
Atlantic Ocean on multidecadal
timescales, with an estimated
period of ~60-70 years,
and an amplitude of the
spatial mean temperature

up to 0.5°C.

Hadley circulation
Vertical-meridional overturning
atmospheric circulation over
the low-latitude troposphere,
characterized by rising motion
near the equator, with air
flowing poleward at the upper
troposphere and descending
over the subtropics.

Subtropical jet

A belt of strong upper-
troposphere westerly winds

in the subtropics, affecting
precipitation and temperatures
over the tropics and
mid-latitudes.

a El Nifio wave train

c Tropical Atlantic wave train

1980 1990 2000 2010

1980 1990 2000 2010

b El Nifio SAT and SIC impacts d Tropical Atlantic SAT and SIC impacts
) .
» {
e
v
= §
S
.
~v w
.
-1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Surface air temperature anomaly (°C)
‘ L L L ‘
-10 -5 0 5 10

Sea ice concentration anomaly (%)

Fig. 1| Tropical-polar teleconnection patterns on interannual timescales. a | Austral winter (June, July, August; JJA)
500-hPa geopotential height anomalies (contours) associated with equatorial Pacific warming (colour shading) in the

atmospheric model, NCAR CAM5. The pattern of sea surface temperature anomalies represents a one standard deviation
positive JJA EL Nifio-Southern Oscillation event. Red and blue contours indicate positive and negative pressure anomalies,
respectively, drawn at intervals of 8 m. The time series is that of the Nifio 3.4 index?*’. b | ]JA Antarctic surface air tempera-

ture’® (SAT) and sea ice concentration’®! (SIC) anomalies regressed onto the standardized JJA Nifio 3.4 index; patterns
represent anomalies associated with a one standard deviation El Nifio event. ¢ | As in panel a but for tropical Atlantic
warming. The time series represents that of area-weighted mean temperature over the tropical Atlantic (20°S-20°N).

d| Asin panel b but regressions onto the tropical Atlantic time series. Both El Nifio-Southern Oscillation and tropical
Atlantic sea surface temperature variability promote stationary Rossby wave patterns to the Southern Hemisphere high
latitudes; atmospheric pressure anomalies centred over the Amundsen Sea Low (ASL), in turn, drive SAT and SIC anomalies.

The specific locations of these pressure centres
depend on the location of the El Nifio-related SST anom-
alies; that is, whether they are eastern Pacific or central
Pacific El Nifio events, describing peak SST anomalies
at ~150°W-90°W and ~160°E-150°W over the equato-
rial Pacific, respectively. During a central Pacific event,
there is a corresponding westward shift in locations
where deep atmospheric convection can occur (regions

with SST >27.5°C)%. As a result, Rossby wave sources
for central Pacific events are also shifted westward by
~20°-30° relative to the eastern Pacific events***“’. In
addition to being of opposite sign, anomalous SST and
tropical convection during La Nifia years occur to the
west by 30-50° longitude, resulting in a corresponding
westward shift of planetary waves relative to eastern
Pacific El Nifio years®.

www.nature.com/natrevearthenviron



Waveguide

A certain layer of atmosphere,
usually acted upon by the
mean jet, in which the wave is
trapped due to refraction, just
as an electromagnetic wave
propagates in a metal
waveguide.

Thermal wind balance

The balance between vertical
wind shear and horizontal
gradients of virtual
temperature in the
atmosphere.

Walker circulation
Vertical-zonal overturning
atmospheric circulation
over the tropical belt; the
dominant Pacific Walker cell
is characterized by easterly
winds at the lower troposphere,
westerly winds at the upper
troposphere, rising motion
over the western Pacific and
descending motion over
the eastern Pacific.

It is only during austral winter, spring and autumn
that such wave trains are able to propagate south. During
these seasons, the strength of the subtropical jet is suf-
ficiently strong and appropriately located to act as a
waveguide’>*>’?, During austral summer, in contrast,
wave reflection by the background wind can hinder the
ability of the wave train to reach the Amundsen Sea’'.

Mean atmospheric circulation dynamics

In addition to the Rossby wave response, ENSO sig-
nals can also be communicated to the polar regions
by the atmospheric background circulation, and can
involve both a zonally symmetric and a zonally asym-
metric response in the SAM: the subtropical jet and the
Hadley cell.

In the case of El Nino-related tropical Pacific heating,
the zonally symmetric response results in an enhanced
upper troposphere jet stream through eddy-mean flow
interactions. However, the jet stream splits into the sub-
tropical front jet (SFJ) and the polar front jet (PFJ) in the
South Pacific, where the SFJ is strengthened and PFJ is
weakened in response to El Nifio events’>”*. These con-
ditions arise through the thermal wind balance between
the tropical-subtropical region, as well as the balance in the
vicinity of the mid-latitude to high-latitude eddy-driven
mean meridional flows*-*>*>"*7* The converse occurs
during La Nifa-related tropical Pacific cooling; the SFJ
weakens and the PF] strengthens in the South Pacific.

As for stationary wave dynamics, the mean atmos-
pheric responses are also influenced by the location of
the Rossby wave source, and, further, by the location
of El Nifo-related SST variability. Specifically, while
eastern Pacific SST variability projects strongly onto the
SAM, only weak connections are apparent for central
Pacific SST variability®. It is hypothesized that the rela-
tively weak central Pacific El Nino-related SST anoma-
lies are not able to substantially impact the subtropical
jet and, thus, the SAM®.

Zonally asymmetric responses to ENSO forcing
are also observed in the mean meridional circulation
over the Southern Ocean. In particular, during El Nifio
years, anomalous warming over the equatorial Pacific
intensifies deep atmospheric convection, strengthening
the Hadley cell in the tropical Pacific sector and lead-
ing to an equatorward shift of the subtropical jet”’*. By
contrast, the El Nifo-induced Walker circulation adjust-
ment can cause subduction over the equatorial Atlantic
Ocean, which relaxes and expands the Atlantic Hadley
cell, accompanied by a poleward shift of the subtropical
jet”>”>76, These zonally asymmetric Hadley cell responses
between the Pacific and the Atlantic lead to different
reactions of both the Ferrel and Polar cells, inducing
asymmetric jet stream variations”>”. During El Nifo,
the subtropical jet strengthens and the polar jet weakens
in the South Pacific’>””7%, but in the South Atlantic, the
subtropical jet weakens and the polar jet strengthens’.
These changes alter the atmospheric blocking and storm
distribution over the South Pacific, with an equator-
ward storm track shift and a corresponding reduction
in storm activity over the Pacific sector’>”.

ENSO-induced teleconnections might also influence
the Ferrel cell through adjustment of the eddy fluxes.

REVIEWS

Atmospheric eddy activity intensifies the stationary
waves, and ENSO signals have been observed in atmos-
pheric transient eddies over the Southern Ocean™*.
ENSO variability alters storm tracks and, thus, impacts
the regional Ferrel cell through adjustment of the con-
vergence of meridional eddy heat flux”. The anomalous
regional Ferrel cell further impacts Antarctic surface
climate through modulation of the mean meridional
heat flux”.

Atlantic and Indian Ocean teleconnections
Stationary wave mechanisms operate not only in
response to Pacific SST variability but also SST varia-
bility in other ocean basins, specifically, the tropical
and northern Atlantic®**>*! (FIG. 1¢). Anomalous tropi-
cal Atlantic warming, for example, can perturb atmos-
pheric convection and intensify the local Hadley cell®.
The downwelling branch of the intensified Hadley cell
forms convergent flow in the subtropics, interacting
with strong wind shear to trigger anomalous Rossby
wave sources at the southern edge of the subtropical
jet® (FIG. 1¢). During austral spring, autumn and winter,
strong anticyclonic curvature on the poleward flank of
the jet reflects stationary Rossby waves. These condi-
tions form a pathway from the subtropical Atlantic to
the Amundsen-Bellingshausen Seas, focusing waves
on the West Antarctic®, where they act to deepen the
ASL and drive a positive phase of the SAM* (FIC. 1¢).
In summer, however, the subtropical jet is too weak to
trap the Rossby wave train and the teleconnection is no
longer sustained®**>%,

In addition to the direct pathway, tropical Atlantic
SST variability can also impact the Southern Hemi-
sphere high latitudes through mediation of the Pacific®***:
Atlantic warming perturbs the zonal Walker circula-
tion, creating anomalous convergent flow across the
upper troposphere in the central and western Pacific.
This anomalous convergence over the Pacific basin
subsequently triggers a La Nifa-like PSA pattern
through Rossby wave dynamics, further deepening
the ASL*.

Similar to those from the Pacific and Atlantic basins,
teleconnection patterns can also be generated by con-
vective heating in the Indian Ocean. The Indian Ocean
Dipole®>7%%, for instance, can drive a Rossby wave
train, propagating to high southern latitudes, influencing
the Antarctic climate through its associated zonal wave-
number 3 pattern in austral spring”**!. Moreover, the
Madden-Julian Oscillation, the principal mode of intra-
seasonal variability over the tropical Indo-Pacific Oceans,
is further known to trigger Rossby wave trains that
propagate to southern high latitudes®-*, contributing
to weekly-to-subseasonal variability in the SAM®.

Impacts of teleconnections
Through the aforementioned mechanisms, especially
stationary Rossby waves, Pacific and Atlantic SST varia-
bility can substantially impact interannual variability of
the Antarctic atmospheric circulation.

An El Nino event typically leads to a weakened ASL,
that is, an increase in sea level pressure of ~2-5hPa
(REFS*>°*7) (FIC. 1a), forming blocking highs frequently

NATURE REVIEWS | EARTH & ENVIRONMENT
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South Pacific Convergence
Zone

(SPCZ). A band of low-level
convergence, cloudiness and
precipitation extending from
the Western Pacific Warm Pool
at the Maritime Continent
south-eastwards of the French
Polynesia and as far as the
Cook Islands (160°W, 20°S).

located around the Bellingshausen Sea®. The associated
anomalous anticyclonic atmospheric circulation, and
corresponding thermal and mechanical forcing, alters
SAT and sea ice extent’>**>’>% (FIC. 1b). For example,
during El Nifio events, SAT over the Antarctic Peninsula
can decrease by up to 1.5°C, but increase by similar
amplitudes over East Antarctica®”. In turn, sea ice
concentration increases by ~10-20% in the vicinity
of the Amundsen, Bellingshausen and Weddell Seas,
but decreases in the Amundsen and Ross Seas®”’.
This pattern of anomalous sea ice extent is known as
the Antarctic sea ice dipole’® — the leading mode of
ENSO-related Antarctic sea ice variability. El Nifio years
further tend to increase West Antarctic snow accumu-
lation, owing to enhanced moisture transport into the
region'>""”2. However, the weakening of the ASL also
intensifies onshore flow of Circumpolar Deep Water
(CDW) around West Antarctica’, accelerating sub-ice
shelf melting; ice dynamical effects outpace any mass
gains from increased accumulation, resulting in over-
all mass loss. These impacts are strongly seasonal, with
maximum sea ice anomalies occurring in austral spring
when sea ice is in retreat”",

Similar to ENSO-induced teleconnections, tropical
Atlantic SST variability can also impact West Antarctic
SAT and sea ice in austral spring through its impact on
the ASL**¢>!, Tropical Atlantic warming typically deep-
ens the ASL (FIC. 1¢), heating the West Antarctic and
Antarctic Peninsula, reducing sea ice, but increasing
sea ice cover in the Ross Sea’* (FIC. 1d). Given that the
magnitude of SST anomalies in the Atlantic are lower
than those in the Pacific, the amplitude of corresponding
climatic anomalies is also weaker on interannual time-
scales. On decadal-to-multidecadal timescales, how-
ever, the Atlantic-induced teleconnection has marked
impacts, which will now be discussed.

Multidecadal teleconnections

The time-averaged impact of interannual teleconnec-
tion mechanisms provides the basis for understanding
decadal (or longer) changes in the Antarctic climate. In
particular, since the late 1970s (when reliable satellite
measurements began), annual mean sea level pressure
of the ASL has deepened by ~1.4-3.7hPa, depending on
the reanalysis dataset used’*~””. While the deepening
of the ASL during austral summer is linked to an anthro-
pogenically forced positive trend in the SAM?, changes
during other seasons have been linked to low-frequency
tropical SST variability in the form of the IPO and the
AMOZRA()AT,SS,S‘),()S-

The Interdecadal Pacific Oscillation and its
teleconnection

The IPO features a spatial SST pattern reminiscent of
ENSO but broader in meridional scale. In its positive
phase, central and eastern equatorial Pacific SSTs are
up to 0.5°C warmer than average, whereas extratropi-
cal SSTs in the North and South Pacific are up to 0.5°C
lower than average, associated with an increase in the
frequency of El Nifo events’* (FIC. 2a,b). These SST
patterns typically persist for 20-30 years” (with ENSO
events superimposed), and, therefore, have the capability

to further modulate the amplitude and frequency of
Pacific—Antarctic teleconnections™.

From the late 1990s to ~2015, the IPO was in a nega-
tive phase'”. Accordingly, negative SST anomalies in the
central Pacific (FIC. 2b) — and corresponding changes
in convection and upper-level vorticity — triggered
a Rossby wave train similar to that observed during
La Nifa events: alternating patterns of high-pressure
and low-pressure anomalies propagating south from
the tropical Pacific, with a negative centre over the
Amundsen and Bellingshausen Seas’'"" (FIC. 2b). This
anomalous Rossby wave train is robust for all seasons
except austral summer, and could be partially attributed
to the accumulation of a series of negative-phase PSA
patterns triggered by La Nifia events, whose frequency
increased during the negative phase of the IPO”'"",

In contrast to ENSO events, however, the IPO-related
pressure anomaly pattern exhibits a stronger meridional
gradient and greater zonal asymmetry over the South
Pacific*”'*! (FICS 1a,2b). These differences might partly
arise from positive SST anomalies and subsequent con-
vection in the South Pacific Convergence Zone'> (SPCZ),
known to trigger decadal-scale teleconnections through
Rossby wave dynamics independent from those in the
central equatorial Pacific'’"'*’. These SPCZ-related
wave trains result in an anomalous low-pressure cen-
tre in the Ross Sea. Thus, transitions and persistence of
IPO-related SST anomalies and resulting wave train pat-
terns allowed negative pressure anomalies to accumu-
late in the vicinity of the Amundsen and Bellingshausen
Seas from the late 1990s through around 2015 (REFS™'*),
intensifying the ASL by up to 4hPa (REF.*) and driving
decadal-timescale changes in atmospheric circulation.

The Atlantic Multidecadal Oscillation and its
teleconnection

The AMO, sometimes referred to as Atlantic Multi-
decadal Variability, is the leading mode of decadal-
scale Atlantic SST variability, with a periodicity of
~60-70 years'™. In its positive phase, the AMO is char-
acterized by positive SST anomalies over the North
Atlantic. Spatially averaged SST anomalies total 0.5°C,
but local maxima of 2°C are observed to the south of
Greenland and in the tropical Atlantic (FIG. 2¢).

Similar to the mechanisms described for interan-
nual timescales, AMO-related SST variability is also
able to impact Southern Hemisphere atmospheric
circulation?**%, In all seasons but austral summer, pos-
itive AMO-related SST anomalies in both the north and
the tropical Atlantic generate a stationary Rossby wave
train, which propagates around the Southern Ocean,
contributing to the negative pressure anomalies in
the vicinity of the ASL (FIG. 2¢). Since the transition of the
AMO to a positive phase in the late 1970s, the AMO is
believed to have contributed more than 50% of the total
changes to the ASL from 1979 to 2012: ~3hPa (REFS™>).

Interbasin interactions

While the IPO and the AMO are known to influence
trends in the atmospheric circulation over Antarctica,
the impacts from individual basins are not linearly
additive, owing to strong pantropical interactions™.

www.nature.com/natrevearthenviron



REVIEWS

a IPO/AMO teleconnection

Interbasin _ ¢
interaction

b IPO wave train

» AMO+

40°N7
20°N"
0°
20°S7
40°S7]
60°S]

80°S |

T T T
120°E 180°W 120°W

T
60°E

A

L]

Fv W

WV
_0_3,
—0.6\/

1880 1910 1940 1970 2000

1880 1910 1940 1970 2000

Fig. 2 | Teleconnection patterns triggered by decadal sea surface temperature variability. a | Schematic representation
of the atmospheric teleconnection patterns induced by a positive phase of the Atlantic Multidecadal Oscillation (AMO; red
arrow) and a negative phase of the Interdecadal Pacific Oscillation (IPO; blue arrow). b | Austral winter (June, July, August)
500-hPa geopotential height anomalies (contours) associated with a negative phase of the IPO (shading) in the atmospheric
model, NCAR CAM5. The pattern of sea surface temperature anomalies represents a one standard deviation negative IPO
event. Red and blue contours indicate positive and negative pressure anomalies, respectively, drawn at intervals of 8 m.

The time series is that of the IPO index”. ¢ | As in panel b but for a positive phase of the AMO. A positive phase of the AMO
and a negative phase of the IPO both promote Rossby wave trains that deepen the Amundsen Sea Low (ASL). A positive
AMO can also contribute to a negative phase of the IPO through interbasin interactions, complicating assessment of

tropical-extratropical interactions.

For instance, Pacific SST variability has long been
known to influence Atlantic SST variability*’; equatorial
Pacific warming during El Nifio events typically warms
the north tropical Atlantic, implying that the negative
IPO phase could favour a cooling signal over the north
tropical Atlantic. Moreover, the positive AMO could
also have acted to intensify the observed negative IPO
since the 1990s; anomalous atmospheric convection and
Walker circulation responses to Atlantic warming lead
to surface wind anomalies that cool the eastern tropi-
cal Pacific through wind-evaporation-SST effects, fur-
ther reinforcing the negative IPO through the Bjerknes
feedback™***'*. The tropical Pacific and tropical Atlantic
can, therefore, be mutually interactive, with each alter-
nately influencing the other'”. These interactions make
it difficult to isolate the effect of each ocean basin, but,
collectively, both have contributed to a deepening of the
ASL (FIG. 2a), with corresponding impacts on the broader
Antarctic climate.

Antarctic and Southern Ocean impacts

The AMO-driven and IPO-driven deepening of the ASL,
in combination with the positive trend of the SAM, have
contributed to a range of climatic changes surrounding
Antarctica (FIGS 3,4).

Surface air temperatures

Substantial SAT changes have been observed across the
Antarctic since the late 1970s (FIG. 4a—d). For instance,
weak, statistically insignificant cooling is evident over
East Antarctica (FIC. 4a,d), likely driven by a trend towards
the positive phase of the SAM?"'%!% In contrast, rapid
warming has been observed over West Antarctica>' "
and the western Antarctic Peninsula® (FIC. 4a). In par-
ticular, Faraday/Vernadsky station (FIG. 4b), as an example
of the western Antarctic Peninsula, experienced annual
mean warming of ~2.8 °C from 1951 to 2000 (REF.""?), with
the trend in austral winter reaching ~5.6 °C per 50 years
(REF). Over West Antarctica, the record at Byrd station
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Fig. 3 | Teleconnection-induced Antarctic climate changes. Schematic depiction of Amundsen Sea Low (ASL) variability
and corresponding impacts on the Antarctic climate, including temperature advection, sea ice redistribution, warm
water intrusion and ice sheet melting. Red arrows and boxes indicate warming processes and impacts, and blue arrows
and boxes indicate cooling processes and impacts. ASL variability can be linked to tropical teleconnections and
anthropogenically induced changes in the Southern Annular Mode. AABW, Antarctic Bottom Water; ACC, Antarctic
Circumpolar Current; CDW, Circumpolar Deep Water; H, high-pressure centre; IW, intermediate water; L, low-pressure
centre; MOC, Meridional Overturning Circulation; WA, West Antarctica.

(FIC. 4c) reveals an increase in annual mean temperature
of ~2.2°C from 1958 to 2010 (REF*). Moreover, a warm-
ing signal of ~0.6 °C per decade over the past 30 years
is observed at the South Pole'"". These warming signals
are more than four times greater than the global average.

Such warming has been partly linked to decadal
changes of ENSO'**¢'%, the IPO*** and the AMO***>%,
As noted, the transition of the AMO to a positive phase
in the 1970s and the IPO to a negative phase in the
early 2000s acted to deepen the ASL through stationary
Rossby waves?*7>704%_ The resulting anomalous cyclonic
circulation over the Amundsen Sea can, thus, in part,
explain the increased SAT over West Antarctica via warm
advection from the north>7*¢!9211415 (FIC. 3). According
to numerical simulations, for example, more than half of
the observed West Antarctic warming can be attributed
to teleconnection-induced ASL deepening”*°. Rapid
warming over the Antarctic Peninsula''® has further
been linked to both teleconnection-induced thermal
advection and an adiabatic compressional warming
of air masses descending in the lee of the Antarctic
PeninsulaZS,GS,l(J-'l,l17,118'

Since ~2000, many of these warming signatures over
West Antarctica have shifted to cooling, as also apparent
in the Antarctic Peninsula''? (FIG. 4b,c). This temperature
trend evolution is believed to be related to the eastward
movement of the ASL and other remote forcings from
the Pacific through the PSA wave train'".

Seaice

Sea ice paradox and redistribution. The total Antarctic
sea ice extent trended upward slightly from the late
1970s until 2015 (REFS”!''%) (FIG. 4e), with a total increase

of ~1.1x 10°km (REFS'*'?%). This positive trend counters
what might be expected given the general warming of
the global climate, and is opposite to the marked decrease
in Arctic sea ice over the same period'?"'?2. These hemi-
spheric metrics, however, dilute strong regional variations
in sea ice trends, specifically, decreases observed in the
Amundsen and Bellingshausen Seas'*~'*, and increases
in the Weddell and western Ross Seas’>?12%12% (F|G. 4a).
As with SAT, the drivers of these sea ice changes are
multifaceted and difficult to directly attribute to atmos-
pheric circulation metrics”. Yet, while uncertainty
remains, decadal variability of tropical SSTs, embed-
ded in the AMO?1°55%5%65 and the IPO*", are known
to influence decadal variability of the SAM and the
ASL, in turn, contributing to observed long-term sea
ice changes'****>*>!%_In particular, the offshore wind
associated with the ASL (FIG. 3) contributes to the for-
mation of more sea ice over the Ross Sea through both
cold atmospheric advection®*****!*! and offshore ice
drift?$3%47132133; gnshore winds north of the Antarctic
Peninsula conversely melt and compress sea ice around
the coastal regions of the Amundsen and Bellingshausen
Seas (FIG. 3). Notably, however, the impacts of the ASL
on sea ice vary strongly with season because of the sea-
sonality in the location of the ASL and the ice cover'”.
At a hemispheric scale, the importance of tropical tele-
connections, specifically, the IPO, also become clear;
during the negative phase (2000-2014), sea ice extent
increased by 0.57 +£0.33 x 10°km? per decade, ~five times
larger than the 0.12+0.11 x 10°km? per decade increase
during the positive phase (1979-1999) (REF.").
However, other factors have also contributed to
observed sea ice trends, including: a zonal wave-three
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pattern'**'*%; a series of regional air-ice-ocean interac-

tions'*%; and freshwater fluxes associated with increased
glacial melting'?’, sea ice changes'***"** and multidecadal

convective cycles”.

Post-2015 sudden sea ice loss. While Antarctic sea ice
extent increased up to 2015, even in a warming cli-
mate, a rapid reduction has been observed thereafter”'”
(FIG. 4e.f). In March 2016, Antarctic sea ice extent
decreased by ~2.25 x 10°km? relative to its climatological
value'?, and subsequently dropped to its lowest extent on
record in March 2017, 2.07 x 10°km?.

This sudden decrease has been largely attributed
to changes in near-surface wind forcing. Numerical
experiments'®, for instance, indicate that wind-driven
sea ice changes capture the majority of the observed sea
ice loss from 2014 to 2016, with atmospheric tele-
connections contributing to these near-surface wind
changes®'>'**!*!, The transition to a positive phase of the
IPO in ~2014-2016 (REFS*"*>'%), in particular, influenced
these surface wind anomalies via the resulting telecon-
nections, interacting with other processes to produce
sudden sea ice loss®*.

These other processes include a persistent zonal wave-
number 3 pattern, partially induced by the remote forc-
ing from a record negative Indian Ocean Dipole*»"**!*!,
and a near-record negative value of the SAM index in
November 2016 (REFS'"'?), linked to tropical Pacific SST
anomalies. Moreover, an intensified ocean vertical heat
transport®, and a reoccurrence of the Maud Rise polynya
(possibly associated with the Southern Ocean internal
multidecadal variability”’), are also believed to have
influenced the sudden sea ice loss in 2016, highlighting
the complexity of the potential mechanisms driving the
contemporary Antarctic sea ice changes.

Southern Ocean

Warming and oceanic heat content. The subsurface
Southern Ocean has warmed in the upper 2,000 m
since the 1950s (REFS>'*-'%), as also evidenced by Argo
data from the early 2000s to 2016 (REF.) (FIC. 4g) and
regional sea level trends'*”'*'. While largely attributed
to anthropogenic forcing'**'*, this warming is also
associated with enhanced Ekman pumping around
40°S-50°S driven by the positive phase of the SAM*"'%3,
in turn, partially forced by the positive phase of the
AMOZS,GS‘

Superimposed on these long-term trends is shorter-
term variability. In particular, the combination of the
IPO phase transition in 2014-2015 and a negative SAM
in 2015 weakened surface westerlies over the Southern
Ocean®'*. Along with a preponderance of anomalous
surface northerlies (also resulting from teleconnections
with the tropical oceans) and consequent warm air
advection towards Antarctica'”’, the upper layer (above
400 m) of the Southern Ocean became anomalously
warm from 2016 (REFS).

South of the Antarctic Circumpolar Current,
prior to 2016, the surface waters had generally cooled
slightly®>!**15* (FIG. 3). In the Bellingshausen Sea, the
increase in atmospheric temperature warms the upper
ocean in summer'”’, associated with a subsurface
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warming within the CDW?**"*"'*%_In the Amundsen
Sea, the CDW layer thickness has varied dramatically
along the continental shelf, with an approximately deca-
dal period, in response to tropically driven variability in
wind forcing'>*>"**~¢', Around Antarctica, the CDW off
the continental shelf experienced a long-term warming,
partly driven by a surface ocean freshening through sea
ice and glacial melting"**'**,

Changes in salinity. Concurrent with warming of the
lower latitude subsurface Southern Ocean'*” is a fresh-
ening along the coast'*>'** and in the open ocean'**'®,
particularly at the surface and in Antarctic Intermediate
Water'*>'®"1%, The regional decrease in salinity has
been attributed primarily to a wind-driven increase in
northward transport of sea ice from the Antarctic coast
to the open ocean'?, an increased freshwater flux from
Antarctic glacial melt'*” and increased precipitation
over evaporation'®. For example, over the Ross Sea, the
southerlies and westerlies have strengthened, contribut-
ing to freshening in the open ocean'®. These near-surface
wind changes are associated with deepening of the ASL.
The deepened ASL also contributed to anomalous ocean
heat and salinity fluxes through its adjustment of the
Ross Gyre'” and Subantarctic Mode Water'”".

Land ice

Improved airborne and satellite remote-sensing measure-
ments and analysis techniques have allowed for a more
accurate quantification of changes in the mass of the
Antarctic ice sheet. Estimates of ice sheet mass change
agree with each other to within their uncertainties and
consistently capture two distinctive features: an accel-
eration in Antarctic ice sheet mass loss over the last
25 years'®*>'7? (FIC. 4h-j) and overall mass loss domi-
nated by that from West Antarctica and the Antarctic
Peninsula?>*** (FIC. 4a).

The Antarctic ice sheet lost 2,720 + 1,390 Gt of ice
between 1992 and 2017 (REF.*). The largest cumula-
tive mass losses occurred in West Antarctica and the
Antarctica Peninsula, which, over the period 2012-2017,
reached 159 +26 Gt per year (72% of total) and 33 £ 16 Gt
per year (15% of total), respectively”. The biggest
mass reductions are evident in the Pine Island Glacier
(FIG. 4a,j) and Thwaites Glacier (FIG. 4a,i) catchments of
the Amundsen Sea Embayment'’>'”*, and along glaciers
feeding recently collapsed or rapidly thinning Larsen ice
shelves'”>"7,

In contrast, the East Antarctic ice sheet exhibited an
insignificant mass loss or even an ice gain®*, although
regional mass loss is evident at the Totten Glacier since
the 2010s'”” (FIC. 4a,h). This strong asymmetry between
land ice changes in East versus West Antarctica could
be associated with atmospheric and oceanic circulation
changes driven by tropical-polar teleconnections.

Since the 1990s, mass loss from the West Antarctic
ice sheet — focused in the Amundsen Sea Embayment
— has dramatically accelerated®*'”*. This acceleration
is primarily the result of increased sub-ice shelf melting
and thinning®'”>'7*7% the loss of ice shelf buttress-
ing'”” and a resulting increase in the flux of grounded
ice upstream'®"'®>. Both observations and modelling
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indicate that variability in sub-ice shelf melting is related
to periodic incursions of CDW onto the continental
shelf in the Amundsen Sea Embayment'>'®. These
incursions are primarily associated with eastward zonal
wind anomalies at the shelf break'>'®*'¢"1%31% Jinked with
anomalous atmospheric circulation of the ASL driven

by Pacific!>?1?213>15%1¢ and Atlantic decadal variabi-
lity**%>. Models experiments suggest that anthropogenic
forcing has driven a gradual westerly wind trend dur-
ing the twentieth century, leading to a gradual increase
in the strength and duration of CDW incursions onto
the Amundsen Sea shelf'”.
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< Fig. 4| Observed climate changes around Antarctica. a| Observed annual-mean
trends inice sheet elevation'”* (coloured shading within the continent), surface air tem-
perature’®® (SAT; coloured circles), ocean heat content’**~*** above 1,500 m (OHC; shading
over the ocean) and sea ice concentration’®’ (SIC; white-grey shading surrounding the
continent). Trends are calculated over 1979-2015, except for ice elevation, which are
over 1992-2017.b | Time series (1971-2018) and trend line (1979- 2010) of annual mean
SAT at Faraday/Vernadsky station, Antarctic Peninsula. ¢ | As in panel b but for Byrd
station, West Antarctica. d | As in panel b but for Casey station, East Antarctica. e | Time
series of hemispheric monthly mean sea ice area (seasonal cycle removed); trend lines
areillustrated for 1979-2015 and 2016-2018. f| Spatial pattern of SIC from 2016 to 2018.
g | Time series of monthly mean Southern Ocean (south to 35°S) heat content anomalies
above 1,500 m from three independent datasets. h | Time series of monthly mean Totten
Glacier ice mass loss. Shading represents mass balance uncertainty. i | As in panel h but
for Thwaites Glacier. j| As in panel h but for Pine Island Glacier. In the four decades since
1979, substantial climate changes have been observed in the Antarctic, including rising
SAT and thinning ice sheet in West Antarctica, a general Antarctic-wide sea ice expan-
sion followed by a rapid sea ice loss after 2015 and a basin-wide increase of the OHC in
the Southern Ocean. Most of these changes feature zonal asymmetric patterns, with the
strongest changes around West Antarctica.

Like the Amundsen Sea Embayment, glaciers on
both sides of the Antarctic Peninsula have experienced
increased dynamic mass loss following thinning and col-
lapse of peripheral ice shelves'”*'%~'¥’, Multiple processes
could contribute to this change, including surface melt-
ing and hydrofracture'®® as a result of increasing SATS,
atmospheric blocking and longwave downwelling'”*,
increased sub-ice shelf melting'**'* and increased
vulnerability to ocean wave impacts from reduced sea
ice in the Bellingshausen and Weddell Seas'*>'*’. Surface
and ocean warming and regional sea ice reductions in
this region are all tightly linked to tropical SST variabil-
ity, indicating teleconnections between tropical climate
variability and observed increases in Antarctic Peninsula
ice mass loss.

Although several lines of evidence from obser-
vations and numerical simulations'>?">%!6L175184 Jink
tropical ocean variability to Antarctic ice sheet mass
change, the integrated impacts result from the net effect
of atmospheric'>***>*> and oceanic dynamical pro-
cesses'>7»1916! "coupled sea ice—ocean—atmosphere inter-
actions®*>**1* and ocean-ice shelf interactions'>'**'*’,
making it difficult to quantify the effect of specific
teleconnections on Antarctic ice sheet mass balance.
In particular, limited understanding of, and limited
ability to model, the physical processes acting beneath
and at the fronts of ice shelves'>'*!*>"% in turn, limit
the ability to simulate and better understand their
connections to tropical climate.

Implications for global climate

Antarctic changes and decadal variability have broad
impacts on global climate, including vertical ocean
heat and salinity exchange, the overturning circulation,
the carbon cycle and global sea level. These changes
could be further influenced by teleconnections from
the tropics.

The enhanced vertical salinity’® and heat'**'* trans-
port between the surface and deep Southern Ocean
is associated with the redistribution of Antarctic sea
ice'™"*, which might, in part, result from tropical-polar
teleconnections®**%>'°, Salty, dense shelf water sinks
to the bottom of the Southern Ocean, contributing to
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the formation of Antarctic Bottom Water
serving as a major contributor to the global overturn-
ing circulation'”. Contemporary sea ice changes also
intensify Southern Ocean stratification'¥, weakening
the mixing and upwelling of deep water to the surface,
which can influence the net CO, uptake of the Southern
Oceanl‘)s,l‘)‘)-

The increase in Southern Ocean heat content and
melting of the Antarctic ice sheet have contributed
to both regional and global sea level rise over the last
three decades. On the continental shelf, sea level trends
reflect increased freshwater supply from the ice sheet™®.
However, they are also consistent with increasing ocean
heat content, with the fastest rate in the south-east
Indian Ocean and slight decrease in the Pacific sector of
the Southern Ocean, consistent with the positive SAM
pattern'*"'. Since 2005, Southern Ocean heat content
increased faster than any other ocean basins®*"**, con-
tributing to more than 67% of global mean thermosteric
sea level rise'*?"2. Meltwater from the Antarctic ice
sheet contributes to the global ocean mass-equivalent
sea level rise. Since 1993, the era of satellite obser-
vations, the Antarctic ice sheet experienced dramati-
cally accelerated mass loss*”, contributing an annual
rate of sea level rise of 0.14+0.19 mm per year during
1992-1997 and increasing to 0.61 +0.12 mm per year
during 2012-2017 (REF*). The tropical-Pacific-induced
near-surface wind impacts on regional sea level
changes over the Southern Ocean contributed to varia-
bility of the Antarctic Slope Current and the Ross and
Weddell Gyres™*.

The importance of anthropogenic forcing
Anthropogenic forcing also plays a fundamental role in
driving climate changes around the Antarctic. Ozone
loss and its recovery after the early 2000s are the pri-
mary drivers of the decadal trend and variability of the
SAM*>”, especially during the austral spring and sum-
mer, and increased GHG concentrations can similarly
intensify the polar vortex”. Both factors contribute to
a poleward intensification of the oceanic subtropical
gyres of the Southern Hemisphere****, intensifying
Ekman pumping over the Southern Ocean and altering
the Antarctic surface climate*>*>*. While teleconnec-
tions from the tropics explain a considerable fraction
of the zonally asymmetric patterns of Antarctic cli-
mate change, GHG increases and ozone changes are
more strongly associated with the symmetric part of
the observed circulation changes, according to model
simulations®*.

Projected teleconnection changes

Having established the impact of tropical climate varia-
bility on the Antarctic ocean—atmosphere system, future
anthropogenically forced changes in the mean state
circulation can be anticipated to modulate projected
teleconnections and their responses. In many instances,
these projections are hypothetical or remain inadequately
explored with regard to direct extratropical impacts and,
in particular, when considering their compounding
influences. However, they offer some insight into how
observed multidecadal SST variability in the tropics
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could change, and, therefore, what related perturbations
to Antarctic climate might be expected.

Tropical circulation and variability
The tropical mean climate is anticipated to undergo
substantial changes as a result of anthropogenic
warming***””, In particular, owing to the projected slow-
down of the Pacific Walker circulation, tropical eastern
Pacific SSTs are projected to warm faster than those of the
western Pacific. For instance, in 2xCO, simulations,
the projected anomalous SST over the equatorial
eastern Pacific can be ~0.5°C warmer than that over the
western Pacific’®. Through the aforementioned tele-
connection mechanisms, this El Nifo-like change
could result in a weaker ASL conducive to negative sea
ice anomalies in the Ross Sea, positive sea ice anomalies
in the Amundsen and Bellingshausen Seas and greater
ice sheet surface accumulation over West Antarctica’.
Other changes are also anticipated to the tropical
circulation, although the impact on teleconnections is
unclear. For instance, faster warming is expected in the
equatorial zone compared with the off-equatorial Pacific.

a Present eastern Pacific teleconnection

As a consequence, an equatorward shift of the Pacific
Intertropical Convergence Zone and the SPCZ are anti-
cipated (even if SST variability does not change),
as convergence zones tend to follow maximum surface
temperatures®**. An increase in ocean-atmosphere
coupling — linked to intensified stratification of the
upper ocean*” — is further likely to enhance El Nifio
SST variability, despite being strongly modulated by inter-
nal variability’”*"2 Increased occurrences of extreme EI
Nifio events, in turn, lead to more frequent extreme
La Nifia events®”, as the discharge following an extreme EI
Nifio shallows the thermocline basin-wide’", allowing for
a stronger subsurface influence on SST. Despite an absence
of inter-model consensus”'**'%, strong and concentrated
convection is similarly likely to become established in the
western Indian ocean, leading to an increased frequency
in extreme positive Indian Ocean Dipole events*-*'.

While there is an absence of direct quantification,
under continued GHG warming, it can generally be
expected that teleconnections to the Antarctic region via
the stationary Rossby wave (the PSA pattern) are likely
to intensify with a slight eastward shift*'”=* (FIC. 5).
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Fig. 5 | Present-day and future eastern Pacific teleconnections. a | Present-day (1900-1999) multi-model mean
September, October, November rainfall (shading) and 200-mb stream function (contours) anomalies regressed

onto September, October, November eastern Pacific El Nifio-Southern Oscillation (ENSO) index. Orange and purple
contours indicate positive and negative stream function anomalies, respectively, with a 0.75 x 10° contour interval.
Multi-model ensemble consists of 17 CMIP5 models that realistically simulate ENSO non-linearity’'Z. b| As in panel a
but for future projections (2000-2099) under a high CO, emission scenario (RCP8.5). ENSO-induced teleconnections

are projected to intensify with a slight eastward shift.
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Multidecadal variability

In the coming decades, the phases of the AMO and the
IPO might reverse, modifying their corresponding tele-
connections and adjusting asymmetry associated with
ASL variability. Specifically, if the IPO were to transi-
tion to a positive phase (as has been suggested to have
occurred around 2015 (REF*)) and if the AMO were to
transition to a negative phase (as anticipated in the next
three to four decades), the joint impact would be a shal-
lowing of the ASL. That is, their combined influence
would drive positive trends in the geopotential height
of the ASL, producing a circulation response opposite
to that observed since the 1970s (REFS*'>*7%) (FIC. 2). As
a result, East Antarctica could undergo a more severe
warming and experience faster melting than observed
to date, potentially accompanied by surface cooling (or
decreased warming) over the Antarctic Peninsula and
West Antarctica, a decrease in sea ice over the Ross Sea
and arelative increase in sea ice cover in the Amundsen and
Bellingshausen Seas. However, given the complexities
in the teleconnection patterns and decadal ocean vari-
ability, as well as the large uncertainties in future pro-
jections under anthropogenic forcing, it remains to be
seen how the superposition of these AMO and IPO
phase changes will influence the sign and magnitude of
climatic changes in Antarctica.

While the natural cyclicity of the IPO and the AMO
will inevitably influence their Antarctic teleconnections,
anthropogenic warming is also anticipated to influence
the AMO and the IPO directly’>>**. In particular, pro-
jected strengthening of upper ocean stratification in the
Pacific and Atlantic, although conducive to the growth
rate of these modes, is thought to lead to faster pro-
pagation of oceanic Rossby waves. The acceleration of
Rossby waves, together with a slowdown of the Atlantic
Meridional Overturning Circulation, reduce the inten-
sity of the IPO and the AMO by up to 60% and shorten
their periods****”, leading to a weakened teleconnection
pattern between the tropics and the Antarctic climate on
decadal timescales. However, a reduction in the Atlantic
Meridional Overturning Circulation might conversely
reduce warming in the tropical Atlantic, and, therefore,
the warming differential between the tropical Atlantic
and Pacific, with the result that teleconnections trend
towards those associated with a positive IPO.

A changing ambient circulation

The impact of teleconnections in the future could also
be modified by changes in the mean ambient circu-
lation. Under GHG warming, a poleward expansion
of the Hadley cell’” and a poleward intensification of
mid-latitude westerly winds manifests as a trend towards
positive phases of the SAM?*********_ These projected
changes would cause a spinup and southward strength-
ening of the subtropical gyres — a southern mid-latitude
interbasin flow from the Great Australian Bight to the
Indian Ocean and the Atlantic**' — bringing warmer
water closer to the Antarctic region. At higher latitudes,
the intensified westerlies would lead to greater storage of
heat in the Southern Ocean®"*” by intensifying the pro-
cess of heat uptake; upwelled subsurface water would be
heated by atmospheric warming, transported northward
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by Ekman transport and subducted into the deep ocean
along isopycnic surfaces. Although Antarctic ozone
recovery would offset the impact from increasing GHG
emissions, the positive SAM-like changes and associated
heat uptake could accelerate in the post-ozone recovery
period*>**.

Summary and pathways forward

Through Rossby wave dynamics, multidecadal SST var-
iability in the Atlantic and Pacific Oceans has strongly
influenced the Antarctic climate since the late 1970s.
Deepening of the ASL and the positive SAM trend —
partly related to phase changes in the IPO and the AMO,
and the accumulation of their teleconnection responses
— has caused thermal and mechanical forcing that con-
tributes to zonally asymmetric trends observed over
Antarctica (FICS 3,4). These include CDW warming in the
Southern Ocean, an increase in the total sea ice extent
before 2015 and a sudden sea ice loss thereafter, and
impacts on ice sheet thinning around West Antarctica.
Similar tropical-polar teleconnections are also evident
on longer timescales, as revealed by palaeoclimate
records (BOX 2).

These influences have important implications
for understanding and projecting future changes in
Antarctica, but substantial uncertainties exist in under-
standing contemporary and future systems. For instance,
the relative importance of tropical-polar teleconnec-
tions, anthropogenic forcing and internal variability
are still not fully understood. With this recognition, we
discuss priorities for future research.

Sustained observations
Given the timescales involved, many tropical-polar tele-
connections last for decades or longer®***7*%%, Their
investigation, thus, requires long-lasting and concur-
rent measurements. However, while sporadic observa-
tions are available, sustained (or any) observations over
Antarctica are largely missing. One example is the spar-
sity of subsurface ocean monitoring to better elucidate
the causes and the impacts of warm water intrusions*-***.
Moreover, where observations do exist, they are often
highly uncertain, for example, the remote-sensing obser-
vations of Antarctic surface temperature trends and ice
loss*!7»17%25 Quantifying long-term teleconnections,
therefore, necessitates long-term observations from both
the tropics and the high latitudes, in particular, obser-
vations of the Antarctic atmospheric and oceanic circu-
lation, temperature, precipitation, sea ice concentration
and thickness, as well as the mass and energy budgets;
they are presently lacking both spatially and temporally.
Yet, launches of a series of polar orbiting satellites**,
under ice and deep ocean Argo floats*”**, autonomous
underwater vehicles” and deployment of hundreds of
automatic weather stations*’ facilitate the monitoring
of meteorological conditions and environmental changes
around the entire Antarctic region. Image recognition and
machine learning techniques are also being used to better
evaluate ice sheet and ice shelf dynamics®*'. Nevertheless,
an urgent need persists to produce a long-lasting,
full-coverage, multivariable dataset of the atmosphere,
ocean, sea ice and land ice by combining existing satellite,
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Box 2 | Palaeoclimatic tropical—polar teleconnections

Given the prevalence of tropical-Antarctic teleconnections in modern climate, it is
prudent to consider whether such relationships also exist in the past and whether they
have influenced long-term global climate change.

Over the past couple of millennia, variability originating from the tropical Pacific
appears sufficient to explain both decadal variance and trends in water isotope proxy
records from across West Antarctica’’*. During the last glacial period, there is interest in
whether drastic changes in mean climate — including a 3—4 °C cooler climate than the
present day””* — influenced changes in EL Nino—Southern Oscillation (ENSO)-related
tropical variability’’*?”. Palaeo-proxy evidence for such an influence is mixed, however,
and complicated by the possibility that ENSO’s influence in regions outside the tropics
might change with mean state?’*°.

A high-resolution, ice-core water-isotope record from West Antarctica additionally
suggests that ENSO-related interannual and decadal variability in the Amundsen
Sea Low was a factor of two larger during the last glacial period than compared with
the present-day climate”®’. Further, variability declined abruptly 16,000 years ago,
coincident with the deglaciation of the Laurentide—Cordilleran ice sheet in North
America. The topographic presence of the large Laurentide-Cordilleran ice sheet
altered the atmospheric circulation in the tropical Pacific, in turn, influencing the Rossby
wave train between the tropics and the Amundsen Sea Low?®'. Regardless of whether
the variance of ENSQO itself changed, its influence on the climate in West Antarctica was
significantly greater during the last glacial period, owing to the presence of Northern
Hemisphere ice sheets and their amplification of the teleconnection mechanism.

Before the last deglaciation, the last glacial period was punctuated by millennial-scale
climate variability, known as Dansgaard-Oeschger (DO) oscillations, consisting of large
and abrupt warming events in the North Atlantic region, along with muted,
out-of-phase temperature changes in the Antarctic’**?**. The abrupt changes in
interhemispheric temperature asymmetry associated with these warming events can
alter the tropical atmosphere, shifting the Hadley cells towards the anomalously warm
hemisphere, to help satisfy the global energy balance through cross-equatorial heat
transport’®. A range of palaeo-proxy evidence suggests abrupt latitudinal shifts in the
Intertropical Convergence Zone and tropical hydrology during DO events****%, These
changes in tropical atmospheric circulation can impact the Antarctic by rapidly shifting
the latitudinal position of the Southern Hemisphere westerly winds and storm tracks,
either through zonal-mean”’ or Pacific-centred teleconnections’®.

Water-isotope records from Antarctic ice cores have demonstrated synchronous,
systematic shifts in moisture origins linked to changes in storm track position during
DO events, within decades of both the abrupt changes in tropical atmospheric circulation
and abrupt changes in Northern Hemisphere climate”’. While first identified in the
Pacific sector of Antarctica’”’, evidence for these tropically forced westerly wind shifts
has since been found in all sectors of the Antarctic’®. Furthermore, these signals linked
to tropical atmospheric teleconnections are detected in Antarctica a century or more
before signals tied to ocean circulation changes during DO events***“, By changing
poleward atmospheric heat transport””* and/or influencing the carbon cycle via
Southern Ocean ventilation**, these atmospheric teleconnections might have
an active role in the dynamics of millennial climate variability and drive changes
in Southern Hemisphere temperature, which is otherwise largely thought to be
dominated by changes in ocean circulation.

ship, Argo float and ground-based observations, in order
to more systematically study Antarctic climate variability
and the associated tropical-polar teleconnections.

Climate model improvement

Compensating for insufficient observations, climate
models are a vital tool for understanding the mecha-
nisms and impacts of tropical-polar teleconnections
and for projecting future changes. However, models
are often inadequate in many respects, necessitating
efforts for improvement. For example, ice shelf-ocean
interactions are only just starting to be included in some
contemporary climate models'”’, preventing an accurate
assessment of future sea level rise under GHG-induced
warming, including the contribution from tropical tele-
connections. Several key physical processes are also not

well represented, owing to coarse resolution and inade-
quate parameterizations. Examples include: the impacts
of ice shelf calving*>'**; CDW intrusion under the
Antarctic shelves and related feedbacks'>'**""'; atmos-
phere-sea ice—ocean interactions'’; and the radiative
effect of clouds over the Southern Ocean’”. In addition,
there are substantial model biases in representation of
the mean flow of the polar atmosphere, and the mean
state and variability of the tropical oceans, including
an equatorial Pacific cold tongue bias**, an inability
to simulate observed ENSO diversity”'? and underesti-
mated Atlantic forcing of the IPO (or forcing from the
Pacific on the AMO) and associated teleconnections to
the Antarctic region.

These biases and uncertainties in state-of-the-art
climate models hinder the accurate simulation of the
mechanisms, impacts and projections of tropical tele-
connections to the Antarctic. In particular, they limit
the ability to quantify climate impacts of teleconnec-
tions from different ocean basins. Improvement of
models in the context of a fully interactive Earth system
framework and involving a hierarchy of high-resolution
atmosphere, ocean and ice components with substan-
tial reductions in major biases is an important pathway
to progress. In addition, the use of advanced modelling
techniques including pacemaker simulations®®'?%*-
and large-ensemble experiments''>*** can aid in the
understanding of mechanisms and uncertainties related
to tropical-polar teleconnections.

Improved understanding

With better observations and models, progress can be
made towards answering several key questions regarding
tropical-polar teleconnections.

First, while the influence of the tropics in explain-
ing climate variability and change in Antarctica has
been established, the relative role of anthropogenic
forcing*'~***, regional climate variability and tropical
teleconnections'®****>**% remains unclear. Better know-
ledge of their contributions will facilitate better under-
standing of future Antarctic projections, and, so, should
be a major focus of future research.

Second, owing to inadequate observations, accurate
quantification of teleconnection impacts is limited, par-
ticularly in regards to the ocean and the cryosphere.
For example, it is unknown how teleconnection and
corresponding atmosphere-ice-ocean interactions
influence oceanic heat content>******!; how anthropo-
genic changes in the mean Antarctic state modify the
impact of teleconnected signals**'****%; whether tropical-
polar teleconnections will influence Antarctic tipping
points***’; broader impacts on ecosystems'*'*; and the
relative importance of different ocean basins™*. Solving
these questions requires better understanding of the
detailed processes and dynamics of the teleconnections,
and depends critically on long-lasting observations and
continued development of Earth system models.

Third, much of the research to date has focused on
West Antarctica, given its strong connections to the
ASL, ENSO, the IPO and the AMO. However, many East
Antarctic basins are also at risk of anthropogenic climate
change**-***, as exemplified by the Totten Ice Shelf'”".
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More research is needed to investigate the potential
effects of tropical-polar teleconnections on climate var-
iability over East Antarctica®*?, particularly from the
perspective of the IPO and AMO phase changes in
the coming decades. Moreover, in addition to the ASL,
two other low-pressure centres of the SAM also contrib-
ute to variability in East Antarctic climate, linking to
the tropics through additional pathways. These require
further investigation based on new observations and
numerical model experiments.

Finally, to date, most work has examined telecon-
nections from the tropics to Antarctica. Variability
at high latitudes can also feed back to, or interact
with, climate conditions at lower latitudes. For exam-
ple, changes in SST and sea ice can alter the mean
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53-255 'While such influences
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circulation in the tropics?
are being increasingly investigated from the Arctic
efforts are needed to address similar relationships from
the Antarctic. In particular, what mechanisms allow
changes in the Antarctic to feed back to the tropical and
mid-latitude climate; how does the Antarctic interact
with lower latitudes; and how much does the Antarctic
contribute to the Earth’s climate system through these
interactions? Ultimately, progress in addressing such
important scientific issues will depend critically on
sustained global ocean and climate observations, cli-
mate model developments and a more comprehensive
pan-Antarctic approach.
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