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Antarctic sea-ice loss shifts the Pacific
Decadal Oscillation toward a
positive phase
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Antarctic sea-ice loss can influence climate far beyond the Southern Hemisphere, but its remote
impacts and underlying mechanisms remain uncertain. Here we use numerical climate model
experiments to show that reduced Antarctic sea ice triggers a response resembling the positive phase
of the Pacific Decadal Oscillation. This pattern is characterized by sea-surface temperature cooling in
the western North Pacific and warming in the eastern and subpolar Pacific. This transient adjustment
unfolds over approximately 20 years. Mechanistically, the response is initiated by a strengthened
interhemispheric thermal gradient that drives a southward shift of the Asian jet. Idealized experiments
confirm that this jet shift generates low sea-level pressure anomalies over the western North Pacific,
which intensify cold oceanic advection and reduce downward shortwave radiation. These findings
imply that Antarctic sea-ice decline can act as a cross-hemispheric driver, potentially shifting the
Pacific Decadal Oscillation toward a positive phase.

Antarctic sea ice has shown remarkable variability in recent decades, with
modest expansion during the late 20th century followed by a rapid and
unprecedented decline since 2016, especially in 2023–24 (refs. 1–5). This
dramatic shift raises a pressing question of how Antarctic sea ice change
influences the global climate system. While Arctic amplification has long
been recognized as a driver of extratropical and tropical circulation changes,
the role of Antarctic sea ice loss and associated Southern Ocean warming
only began to be fully appreciated6–12.

Recent modeling and diagnostic studies suggest that polar sea-ice
retreat can account for a substantial fraction—on the order of one-third—of
the global-mean temperature increase in long-term equilibrium, through
surface-albedo and other radiative feedbacks13–17. Thesefindings underscore
the importance of sea-ice albedo feedbacks for Earth’s energy balance, but
their implications for climate evolution in the coming decades remain
uncertain. To probe near-term impacts, several studies have tested the
transient response to subpolar Southern Ocean cooling and warming by
nudging regional Sea Surface Temperature (SST) in climate models7,9,12.
These experiments revealed El Niño–like warming in the tropical eastern
Pacific, maintained by cloud–radiative and wind–evaporation–SST
feedbacks18, and suggested that such a pattern can amplify the global climate
response to Southern Ocean change.

Despite these advances, important uncertainties remain. Prior work
has implicitly assumed that an El Niño–like mean-state change is the key
pathway through which Southern Ocean excites global
teleconnections7,10,11,19. Yet it is not clear whether this specific tropical
adjustment emerges robustly across models and ensembles, nor how
extratropical SSTs respondwhen the tropicalmean state differs. In addition,
most previous studies have conducted either idealized SST nudging or long-
term equilibrium adjustment experiments over centuries7,9,15,20, leaving the
processes governing the transient and quasi-equilibrium responses to
Antarctic sea ice loss less well understood.

A particularly important open question is whether Antarctic sea-ice
loss can influence North Pacific climate variability, including the Pacific
Decadal Oscillation (PDO). Although the PDO is often regarded as an
internal mode, recent evidence indicates its sensitivity to external forcing,
such as anthropogenic aerosol and greenhouse gas emissions21. This raises
the possibility that Antarctic sea-ice decline itself could act as an external
driver, reorganizing PDO-like variability.

Here, we address these gaps using five-member ensemble simulations
from two coupled climate models—National Center for Atmospheric
Research, Community Earth System model version 2 (NCAR CESM2;
ref. 22) and Geophysical Fluid Dynamics Laboratory, Global Coupled Cli-
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mateModel version 2.1 (GFDL CM2.1; ref. 23)—in which Antarctic sea ice
albedo is artificially reduced. This experimental design allows us to examine
both the transient adjustment and the emerging quasi-equilibrium state,
and to assess the robustness of remote SST responses across models with
different sensitivities. By comparing ensembles, we highlight howAntarctic
sea ice loss can shape North Pacific SST variability independently of con-
current tropical Pacific mean-state change, and we explore the dynamical
pathways linking Southern Ocean warming to cross-hemispheric
teleconnections.

Transient climate responses to Antarctic sea ice loss
The transient response to Antarctic sea ice loss captures the immediate
adjustments of the climate system, which can exert remote impacts8,24,25. It
also reveals the processes that establish SST cooling and warming patterns
across ocean basins, which later evolve into equilibrium states. Figure 1
illustrates these transient climate responses inCESM2andCM2.1.Reducing
sea ice albedo substantially decreases the annual mean Antarctic sea ice
concentration, though the magnitude of the loss varies (Fig. 1a, b). CESM2
exhibits relatively strong sea ice retreat for a given albedo reduction,whereas
CM2.1 requires a larger forcing to produce a weaker response, reflecting its
lower sensitivity to the sea ice–albedo feedback26.

The loss of Antarctic sea ice is accompanied by surface warming in the
Southern Ocean (Fig. 1c-f). This warming enhances air–sea heat fluxes and
modifies regional circulation, with signals extending both toward the South
PacificConvergence Zone (SPCZ) and along the SouthAmerican coast into
the eastern tropical Pacific, a region highly sensitive to remote forcing from
the SouthernOcean11,12,25. Such eastern tropical Pacificwarming can amplify
cloud–radiative feedbacks, linking Antarctic forcing to tropical climate
variability7,18, while broader Southern Ocean warming has been shown to
exert strong influence on tropical rainfall and cross-hemispheric climate
linkages12.

Beyond the tropics, both CESM2 and CM2.1 produce a robust
positive PDO-like anomaly structure across the North Pacific (Fig. 1c–f),
but with distinct adjustment pathways. During the first decade (years
1–10; Fig. 1c, d), CM2.1 already exhibits strong cooling in the north-
western Pacific together with warming in the eastern and subpolar Pacific
(Fig. 1d), while CESM2 shows only weak and patchy anomalies (Fig. 1c).
By the second decade (years 11–20; Fig. 1e, f), the positive PDO-like
pattern becomes much clearer in CESM2, with intensified cooling in the
northwestern Pacific and warming in the eastern basin, particularly
during boreal summer. The development timescale differs markedly
between the two models: CESM2 requires nearly two decades for the
positive PDO-like structure to emerge, whereas in CM2.1 it develops
within just a few years (Fig. 1g, h). These contrasts indicate that while the
positive PDO-like response is a robust cross-hemispheric feature, its
timing and amplitude depend strongly on model physics and feedback
strengths27,28.

Atmospheric circulation and teleconnections induced
by Antarctic sea ice loss
The positive PDO-like response is not uniform across seasons but is most
pronounced during boreal summer (Supplementary Fig. 1). In particular,
the northwestern Pacific cooling intensifies in June–August, as evident from
the seasonal cycle of SST anomalies (Supplementary Fig. 1e, f). This sea-
sonality implies that the positive PDO-like response in boreal summer is
likely mediated by atmospheric circulation anomalies and teleconnection
pathways that are more active during this season, thereby linking Antarctic
sea-ice loss to extratropical Pacific variability.

To explore these mechanisms, Fig. 2 illustrates the associated atmo-
spheric and oceanic adjustments in CESM2 and CM2.1. In both models,
westerlies weaken to the north and strengthen to the south of their clima-
tological core (Fig. 2a, b). This equatorward intensification is particularly
evident over Japan and the western North Pacific (Supplementary Fig. 2).
The southward shift of the Asian summer westerly jet is dynamically con-
sistent with pronounced SST warming in the off-equatorial South Indian

Ocean,where thewarming steepens themeridional temperature gradient on
the jet’s equatorward flank through thermal-wind balance29,30. The south-
ward displacement of the Asian jet modifies how the jet interacts with
regional topography. As the jet moves southward and crosses the high
terrain of the southern Tibetan Plateau, the large-scale flow must conserve
potential vorticity, producing cyclonic anomalies downstream (e.g.,
refs. 31,32). This process helps explain why subtropical jet strengthening is
consistently accompanied by negative sea-level pressure (SLP) anomalies
and an associated cyclonic circulation over the western North Pacific
(Fig. 2c, d). The two models differ in the latitude of maximum SLP
depression: around 30–40°N in CM2.1, but farther poleward in CESM2.

The lower panels (Fig. 2e, f) show corresponding SST responses. Both
models simulate substantial cooling in the western North Pacific, but the
anomalies are stronger and displaced slightly southward in CM2.1 relative
toCESM2. Figure 2g andh showocean temperature advection in the surface
mixed layer (Qadv ¼ �ρ0CphðUm � ∇hTmÞ). It appears that the develop-
ment of cyclonic winds generates the southward advection of cold water
from higher latitudes, contributing to the SST decrease between 40°N and
60°N, particularly in the Sea of Okhotsk. At lower latitudes (30°–45°N),
increased cloud cover reduces incoming shortwave radiation by up to
5–6Wm⁻², further amplifying the surface cooling (Fig. 2i, j). The reduced
incoming shortwave radiation is a primary factor for changing the net
surface heat flux in the western North Pacific (Supplementary Fig. 3).

While the atmospheric response is strongest in summer, the oceanic
footprint persists across seasons. Supplementary Fig. 4 shows that a PDO-
like SST anomaly pattern remains evident during boreal winter (DJF),
although the associated atmospheric circulation differs from that in sum-
mer. Inwinter, the response is characterized by an intensifiedAleutian Low,
rather than a jet-related anomaly. This low-pressure anomaly is associated
with strengthened surface winds and anomalous ocean currents that pro-
mote cold-temperature advection from the western into the central North
Pacific, togetherwithwarmadvection in the northeastern Pacific. InCM2.1,
the warm advection is particularly pronounced, reinforcing the substantial
warming over the eastern subpolar gyre. These wintertime advective pro-
cesses act to maintain and, in some regions, enhance the broad western-to-
central North Pacific cooling that develops during summer (Supplementary
Fig. 5), contributing to a robust basin-scale positive PDO-like signal
throughout the year.

These results indicate that the emergence of low SLP and cyclonic
winds associated with Antarctic sea-ice loss is a central mechanism behind
thewesternNorth Pacific SST cooling, favoring a positive PDO-like pattern.
A qualitatively opposite relationship has been noted in observations: during
theperiodofmoderateAntarctic sea-ice expansion fromthe1980s to 2014, a
persistent negative PDO-like pattern was present33. While the observed
linkage likely reflects contributions from tropical variability and other for-
cings, the resemblance suggests that changes inAntarctic sea-ice extentmay
modulate PDO-like variability through hemispheric teleconnections. The
unprecedentedAntarctic sea-ice decline in 2023–24 (Supplementary Fig. 6),
which coincided with the persistence of a negative PDO, highlights that an
immediate phase reversal is unlikely; however, continued sea-ice loss could
favor a transition toward a positive PDO within the coming decades, con-
sistent with the ~20-year adjustment timescale in CESM2 (Fig. 1g). Our
simulations further suggest that Antarctic sea-ice loss influences the extra-
tropical Pacific primarily through a southward shift and strengthening of
the Asian subtropical jet (Fig. 2a, b). This mechanism is consistent with
recent study showing that biases in the North Pacific jet are central to PDO
variability and its teleconnections34.

Mechanisms linking Antarctic sea-ice loss to a south-
ward shift of the Asian jet
To clarify the physical pathway linkingAntarctic sea-ice loss to theAsian jet
and North Pacific circulation response, Fig. 3 synthesizes ensemble-
regression results from the CESM2 and CM2.1 experiments. Antarctic sea-
ice loss induces hemispheric-scale surface warming that extends beyond the
Southern Ocean into the Pacific, Indian, and Atlantic basins and the
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tropics12,18, producing a pronounced interhemispheric thermal asymmetry.
We quantify this asymmetry using a cross-equatorial SST gradient over the
Indo-Atlantic sector (ΔCross-SST), following previous studies showing that
tropical Indian Ocean SST anomalies strongly influence the meridional
displacement of the East Asian westerly jet29,35–37. More generally, inter-
hemispheric Indo-Atlantic SST contrasts modulate cross-equatorial energy
transport and theHadley circulation, leading to coherent adjustments of the
Asian summer circulation and jet latitude38–40. Recentwork further identifies
the Atlantic Ocean as an important remote driver of Asian westerly jet
variability41, supporting ΔCross-SST as a dynamically meaningful metric
linkinghemispheric thermal asymmetry todownstreamcirculationandSST
responses over the western North Pacific.

The scatter relationships in Fig. 3a, b indicate that inter-ensemble
variability in the Indo-Atlantic cross-equatorial SST gradient (ΔCross-SST)
is strongly associated with both the southward displacement of the Asian

subtropical jet (Fig. 3a; r = 0.78) and the intensity of negative SLP anomalies
over the western North Pacific (Fig. 3b; r =−0.70). These relationships
indicate thatΔCross-SST provides a compact representation of the strength
of the remote atmospheric response across the two model ensembles.

The regression fields in Fig. 3c–f illustrate the intermediate dynamical
pathway linking hemispheric thermal asymmetry to the Northern Hemi-
sphere circulation response. When the Indo-Atlantic cross-equatorial SST
gradient (ΔCross-SST) is stronger—corresponding to enhanced off-
equatorial Southern Hemisphere warming—the zonal-mean overturning
circulation exhibits an equatorward displacement of the Northern Hemi-
sphere Hadley circulation together with an intensification of the cell
(Fig. 3c). In this panel, contours denote the climatological zonal-mean
meridional mass streamfunction, while the shading represents regression
anomalies onto ΔCross-SST. The anomalous streamfunction displays a
dipole structure across the Northern Hemisphere Hadley cell, with

Fig. 1 | Transient climate responses to Antarctic sea ice loss in CESM2
and CM2.1. Sea ice concentration (SIC) anomalies (%) in annual mean (ANN)
due to reduced Antarctic sea ice albedo for (a) CESM2 and (b) CM2.1, averaged
over years 1-10 of the 100-year integration to represent the transient response.
Gray and green lines denote the sea ice edges from the control and reduced
Antarctic sea-ice albedo experiments, respectively. Annual mean sea surface
temperature (SST; °C) anomalies for (c, e) CESM2 and (d, f) CM2.1, averaged over

years 1–10 and 11–20, respectively. Stippling indicates regions where anomalies
are statistically significant at the 95% confidence level. Timeseries of the Pacific
Decadal Oscillation (PDO)-like index in gCESM2 and hCM2.1 during the first 26
years of integration. The PDO-like index is defined as the area-averaged SSTAover
50°–60°N, 180°–250°E minus that over 37°–45°N, 140°–180°E. The black line
denotes the 10-year running mean.
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Fig. 2 | Atmospheric and oceanic responses to Antarctic sea ice loss during boreal
summer (JJA) in CESM2 and CM2.1 models. Latitude–pressure cross-sections of
zonal wind anomalies (m s⁻¹, shading) averaged over 80°E–180° in
June–July–August (JJA) due to reduced Antarctic sea ice albedo for a CESM2 and
b CM2.1, averaged over years 11–30 of the 100-year integration to represent the

transient response. Contours show the climatological zonal wind (m s⁻¹). c, d Sea
level pressure (hPa, shading) and surface wind anomalies (vectors), e, f SST
anomalies (°C, shading), g, h ocean temperature advection anomalies in the mixed
layer (ΔQadv; Wm⁻²), and i, j net surface shortwave radiation anomalies (ΔQSW; W
m⁻²). Statistically significant values (p < 0.05) are stippled.
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enhanced overturning on its equatorward flank and weakened overturning
on its poleward flank, indicating a latitudinal shift rather than a uniform
strengthening. This adjustment reflects enhanced cross-equatorial energy
transport required to balance the imposedhemispheric thermal contrast42,43.

Consistent with this response, the upper-tropospheric westerlies
exhibit an equatorward displacement and strengthening along the Asian

jet exit region (Fig. 3d), in line with established Hadley–jet co-variability
under hemispheric forcing44,45. The jet shift, in turn, favors the devel-
opment of a cyclonic low-SLP anomaly over the North Pacific (Fig. 3e),
which is linked to the western North Pacific SST cooling and
eastern–subpolar warming pattern (Fig. 3f) that closely resembles a
Positive PDO–like response, consistent with previous analyses

Fig. 3 | Dynamical pathway linking inter-hemispheric thermal asymmetry to the
North Pacific circulation response. a, b Scatter plots showing the relationship
between the inter-hemispheric SST gradient change (ΔCross-SST; defined as
Southern Hemisphere minus Northern Hemisphere SST anomalies) and a the
southward shift of the Asian westerly jet (ΔU200 index; m s⁻¹; 25°–35°N, 80°E–180°)
and b the sea level pressure anomalies over the western North Pacific (ΔSLP index;
hPa; 35°–50°N, 140°E–180°). Each dot represents an individual ensemble member
from CESM2 (blue) and CM2.1 (red). c–f Regression maps of atmospheric and
oceanic anomalies onto the ΔCross-SST index across ensemble members: c Zonal-
mean meridional mass streamfunction anomalies (ΔZMMC; 10⁹ kg s⁻¹), where

shading represents regressed anomalies and contours show the climatological zonal-
mean meridional mass streamfunction. d 200-hPa zonal wind anomalies (ΔU200;
m s⁻¹), where shading represents regressed anomalies and contours show the cli-
matological 200-hPa zonal winds. e Sea level pressure anomalies (ΔSLP; hPa), and
f sea surface temperature anomalies (ΔSST; °C). In f, the red and gray boxes indicate
the domains used to calculate the SST anomalies for the ΔCross-SST index (defined
as the area-weighted SST difference between the Southern Hemisphere [20°S–0°,
60°W–120°E] and the Northern Hemisphere [0°–20°N, 60°W–120°E]). Stippling
indicates statistical significance at the 95% confidence level.
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connecting North Pacific circulation anomalies to jet latitude shifts and
air–sea interaction46,47.

Previous studies utilizing the Indian Ocean Capacitor framework
emphasized that basin-wide warming induces a subtropical anticyclone
(High) over the western North Pacific48,49. In contrast, our regression onto
the inter-hemispheric thermal gradient (ΔCross-SST) reveals a coherent
southward shift of the Asian jet and a distinct mid-latitude cyclonic (Low)
anomaly east of Japan. This suggests that the inter-hemispheric energy
constraint overrides the local tropical wave response, favoring the mid-
latitude cyclonic flow responsible for the observed cold advection and
positive PDO-like pattern.

Idealized wind nudging experiment: impacts of the
southward shift of the Asian jet
To validate this dynamical interpretation and assess causality, we next
employ an idealized zonal-wind nudging experiment that isolates the
impact of a southward displacement of the Asian jet on the North Pacific
Ocean. Figure 4 shows the climate response to this experiment, inwhich the
Asian westerly winds are nudged to reproduce the southward jet shift
simulated in the Antarctic sea-ice loss experiments.

Here, thewesterlywindnudging is confined toupstreamof thewestern
North Pacific, mostly in Central Asia, including the Tibetan Plateau, in
order not to directly alter the heat and momentum balance in the western
North Pacific. While the nudging is confined to upstream, it produces a
southward shift of westerly winds, most evident in East Asia and western
North Pacific, the exit region ofAsian jet (Fig. 4a). The vertical cross-section
averaged overCentral–East Asia (40°–90°E) also exhibits a strengthening of
an equatorward flank of westerlies, implying a strengthening of Asian
subtropical jet (Fig. 4b). The structure closely resembles the jet displacement
seen in the Antarctic sea ice loss experiments (Fig. 2a, b), though the
amplitude of the anomalies is stronger in this idealized nudging experiment.

The jet shift is accompanied by broad negative SLP anomalies and a
cyclonic circulation centered over the western North Pacific (Fig. 4c). This
SLP pattern is generally consistent with those simulated in the Antarctic sea
ice loss experiments (Fig. 2c, d), verifying that thedevelopment of lowSLP in
the western North Pacific is dynamically tied to the strengthening of Asian
subtropical jet, i.e., equatorward shift of westerly winds over Asia. This SLP
anomalies are accompanied by SST cooling in the western North Pacific
(Fig. 4d). The coolingpattern resembles that inFig. 2e, f, though the signal in
the nudging experiment is more spatially confined to the western North
Pacific, whereas the Antarctic sea ice loss experiments also show broader
anomalies extending eastward.

Further analysis indicates that the SST cooling in the western North
Pacific ismostly driven by reduced downward shortwave radiation (Fig. 4f),
which explains themajority of net surfaceheatflux changes (Supplementary
Fig. 7). Meanwhile, the role of ocean temperature advection is far smaller
than those of theAntarctic sea ice loss simulations and is confined to the Sea
of Okhotsk (Fig. 4e), possibly because the southward shift of the Asian jet
modifies atmospheric circulation and cloud cover on relatively short
timescales, leading to immediate changes in surface radiation, whereas
oceanic advection typically operates on longer timescales.

Taken together, these comparisons indicate that the equatorward shift
of the Asian westerly jet is one of key atmospheric pathways linking Ant-
arctic sea ice loss towesternNorthPacific SST cooling and, ultimately, to the
development of a positive PDO-like pattern. The zonal wind nudging
experiment confirms causality by reproducing the circulation and SST
anomalies seen in the sea ice loss simulations, while also clarifying that
Antarctic forcing induces the response indirectly through its impact on the
Asian jet.

The nudging experiment confirms the causal role of the Asian jet shift
and helps to explain the distinct response timescales between CESM2 and
CM2.1 (Fig. 1g, h). As shown in Supplementary Fig. 8, the initial atmo-
spheric response in CESM2 (Years 1–5) is characterized by a weak north-
ward displacement of the Asian westerly jet, accompanied by muted SLP
and SST anomalies. This early response is consistent with a near-zero Indo-

Atlantic cross-equatorial SST gradient during the same period (Supple-
mentary Fig. 9). In CESM2, it takes approximately five years for the cross-
equatorial SST gradient to become distinctly positive—with Southern
Hemisphere SSTs cooling less than those in the Northern Hemisphere—
after which the jet shifts equatorward and western North Pacific cooling
intensifies. In contrast, CM2.1 exhibits a substantially larger cross-
equatorial SST gradient that becomes positive within the first few years of
forcing (reaching ~0.2 °C; Supplementary Fig. 9). This is consistent with the
rapid equatorward jet shift and the fast emergence of thePDO-like response.
These results indicate that the onset timing of the Asian jet response is
sensitive to the magnitude and early development of the Indo-Atlantic
cross-equatorial SST gradient.

Quasi-equilibrium SST responses to Antarctic sea
ice loss
Figure 5 shows the quasi-equilibriumSST responses toAntarctic sea ice loss,
averaged over years 71–100 of model simulations. The ensemble-mean
patterns from CESM2 and CM2.1 both exhibit global ocean warming, but
with notable differences in the tropical Pacific. CESM2 shows a relatively
weak east–west contrast (Fig. 5a),whileCM2.1 features strongerwarming in
the west relative to the east, producing a more La Niña–like structure
(Fig. 5b). To illustrate the ensemble spread, we present selected members
from each model. Some realizations, such as the second CESM2 and fourth
CM2.1 runs, display ElNiño–likewarming in the eastern Pacific (Fig. 5c, d),
consistent with earlier studies that emphasized this pathway (e.g.,
refs. 7,11,12,18,25). By contrast, other members, such as the fourth CESM2
and fifth CM2.1 runs, exhibit La Niña–like responses (Fig. 5e, f). The full
five-member ensembles, shown in Supplementary Fig. 10, confirm this
diversity.

The east–west SST contrast in the equatorial Pacific (Fig. 5g, h) high-
lights this spread: while some ensemble members exhibit strong El
Niño–like or La Niña–like responses, the ensemble means are modest, with
CESM2 leaning towardweak eastern Pacific warming. These results suggest
that although the tropical Pacific equilibrium response to Antarctic sea-ice
loss is generally El Niño–like11,12,18,25, strong internal variability leads to
diverse quasi-equilibrium responses across the ensembles and climate
models.

Despite the ensemble-dependent tropical responses, both models
consistently produce a positive PDO-like pattern in the North Pacific,
including western North Pacific cooling or delayed warming (Fig. 5a–f).
This outcome is partly consistent with the inverse relationship suggested by
observations: during the late twentieth and early twenty-first centuries,
when Antarctic sea-ice extent moderately expanded, a negative PDO trend
was observed33. Our results in Figs. 2 and 4 point to the equatorward shift of
the Asian westerly jet as a key driver of this cooling, through enhanced cold
ocean advection and reduced downward shortwave radiation. However, we
acknowledge that other mechanisms—such as changes in
tropical–extratropical interactions50–54, eddy feedbacks55–57, or internal
variability58,59—may also contribute to shaping the equilibrium SST pattern.
Thus, while the Asian jet displacement provides a physically consistent
explanation for the western North Pacific cooling, a full attribution of the
positive PDO-like structure likely involves multiple processes (e.g.,
refs. 60,61).

Conclusions
Our experiments demonstrate that Antarctic sea ice loss exerts robust
influences on remote oceans, extending its impact far into the Northern
Hemisphere. In both CESM2 and GFDL-CM2.1, the imposed sea-ice
decline triggers a basin-scale positive PDO-like response, expressed as
western North Pacific cooling and eastern–subpolar Pacific warming. Fig-
ure 6 summarizes this dynamical chain and the distinct temporal pathways.
While the Antarctic-induced southward shift of the Asian jet serves as a
common atmospheric bridge, the response timing varies—immediate in
CM2.1 (Years 1–5) but delayed in CESM2 (Years 6–20). Regardless of the
pace, this jet displacement consistently generates cyclonic anomalies that
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drive cold advection and reduced shortwave radiation, ultimately resulting
in a positive PDO-like state. Idealized zonal-wind nudging experiments
confirm that a southward displacement of the Asian westerly jet provides a
central dynamical pathway for this response, by enhancing cold ocean
advection from higher latitudes and reducing shortwave radiation over the
western North Pacific.

At longer timescales, our ensemble simulations reveal diverse mean-
state changes in the tropical Pacific:CESM2produces bothElNiño–like and
La Niña–like SST patterns, while CM2.1 tends to favor La Niña–like con-
ditions. This contrasts with earlier studies that emphasized a robust El
Niño–like response to Southern Ocean forcing. Despite these differences,
the positive PDO-like SST structure emerges consistently acrossmodels and

Fig. 4 | Climate response to an idealized southward shift of the Asian jet. a Zonal
wind anomalies (m s⁻¹, shading) at 200 hPa in June–July–August (JJA) from the
southward-shifted Asian jet nudging experiment. The green box marks the zonal
wind nudging region (28°–53°N, 50°–100°E). b Vertical cross section of zonal wind
anomalies (m s⁻¹, shading) averaged over 40°–90°E. Contours in (a, b) show

climatological zonal wind (m s⁻¹) from the control simulation. c Sea level pressure
(SLP; hPa, shading) and surface wind anomalies (vectors). d SST (°C, shading) and
surface wind anomalies (vectors). eOcean temperature advection anomalies (ΔQadv;
Wm⁻²) in the mixed layer. f Net surface shortwave radiation anomalies (ΔQSW;
Wm⁻²). Stippling indicates statistical significance at the 95% confidence level.
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in most of ensemble members, indicating that extratropical Pacific varia-
bility is not solely dependent on tropical Pacific mean states.

Our finding that Antarctic sea-ice loss induces a positive PDO-like
pattern complements previous evidence from both observations and
models. Ref. 33 linked the late-20th centuryAntarctic sea-ice expansion to a
negative PDO-like state driven by internal tropical variability, while ref. 21
attributed the prolonged negative PDO trend of recent decades to anthro-
pogenic aerosols and greenhouse gases. Recent work by ref. 62 further
clarifies the reverse pathway, showing that tropical Pacific variability can
drive Antarctic sea-ice changes via poleward-propagating Rossby waves.

Taken together with our results, these studies suggest a bidirectional
teleconnection—or more broadly, a coupled feedback system—between
the two regions: while past sea-ice expansion coincided with negative
PDO-like states, our experiments demonstrate that sea-ice loss can
actively reorganize PDO-like variability. The recent record-low Antarctic
sea-ice extent in 2023–24 (Supplementary Fig. 6) underscores the near-
term relevance of this linkage, indicating that sustained Antarctic sea-ice
loss could increase the likelihood of a shift toward a positive PDO in the
coming decades, although the exact timing is likely to be strongly
modulated by internal variability.

Fig. 5 | Quasi-equilibrium SST responses to Antarctic sea ice loss in CESM2
and CM2.1. a, b Ensemble mean, annual-mean SST anomalies (°C, shading) aver-
aged over years 71–100 of the 100-year integration, representing the quasi-
equilibrium response, for a CESM2 and b CM2.1. c, d Example of individual
ensemble members showing an El Niño–like SST warming pattern in CESM2 (2nd
member) and CM2.1 (4th member). e, f Examples of individual ensemble members

showing a La Niña–like SST warming pattern in CESM2 (4th member) and CM2.1
(5thmember). g,hZonal structure of SST anomalies (°C) along the equatorial Pacific
(15°S–15°N average) for CESM2 and CM2.1. Thin gray dashed lines represent
individual ensemble members, and the thick red lines denote the ensemble mean.
Stippling indicates statistically significant values (p < 0.05).
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By jointly analyzing transient adjustments and quasi-equilibrium
responses across two distinct models and multiple ensemble members, our
study identifiesAntarctic sea-ice loss as a robust driver of cross-hemispheric
SST variability. These results emphasize that Antarctic sea-ice decline is not
only a high-latitude phenomenon but also a critical factor shaping Pacific
decadal variability and, by extension, near-term climate trajectories. It is
essential to incorporate Antarctic sea-ice in our conceptual framework to
understand and predict global climate evolution.

Methods
Climate models
CESM2. The Community Earth System Model version 2 (CESM2) is
used to isolate the remote SST responses to the Antarctic sea ice loss.
CESM2 couples with the atmosphere (CAM6; ref. 22), ocean (POP2;
ref. 63), and sea ice (CICE5; ref. 64) component models. The horizontal
resolution of CAM6 is 2.5° in longitude and 1.9° in latitude. POP2 and
CICE5 share a nominal 1° horizontal resolution, with a uniform 1.125°
resolution in the zonal direction. The meridional resolution varies,
reaching the finest resolution of 0.27° at the equator. In this study, we
used the “B1850” compset, inwhich each componentmodel is active. The
B1850 compset is intended as an equilibrium control experiment with
constant pre-industrial external forcing.

CM2.1
In addition to CESM2, we also employed the Geophysical Fluid Dynamics
Laboratory (GFDL) Climate Model version 2.1 (CM2.1; ref. 23) to investi-
gate the climate response to Antarctic sea ice loss. CM2.1 includes fully
coupled components of the atmosphere, land, ocean, and sea ice. The
atmosphere and land components have a horizontal resolution of 2.5°
longitude×2° latitudewith 24vertical atmospheric levels. Theocean and sea
ice components use a tripolar grid with a nominal horizontal resolution of
~1° and 50 vertical ocean levels.

Experimental design for Antarctic sea ice loss
Control experiment (Ctrl). We conducted control simulations of both
CESM2 and CM2.1, each consisting of five ensemble members

integrated for 100 years without any changes in sea ice albedo. For
CESM2, the initial conditions were derived from restart files provided
by NCAR after several hundred years of pre-industrial simulation.
For CM2.1, the initial conditions were taken from restart files pro-
vided by GFDL following long pre-industrial runs. Ensemble mem-
bers were generated by applying small perturbations to the
atmospheric initial conditions.

To ensure the reliability of the models in capturing North Pacific
decadal variability, we evaluated the simulated PDO characteristics in
control experiments. Both CESM2 and CM2.1 successfully reproduce the
key spatial features of the observed PDO, demonstrating high pattern cor-
relation coefficients (PCCs) exceeding 0.80 with observations (PCC = 0.82
for CESM2 and 0.86 for CM2.1; Supplementary Fig. 11). They clearly
capture the characteristic PDO pattern, featuring cooling in the central and
western North Pacific and the opposite sign (warming) in the eastern and
subpolar Pacific, which resembles a horseshoe shape. Furthermore, spectral
analysis confirms that both models capture the realistic spectral peaks on
decadal to interdecadal timescales, consistent with observations (e.g.,
ERSSTv5). These validations demonstrate that the control simulations
provide a realistic baseline for investigating the response of North Pacific
variability to external forcing.

Reduced Antarctic sea ice albedo experiment (rALB). We conducted
idealized experiments with reduced Antarctic sea ice albedo to isolate the
climate responses to Antarctic sea ice loss. In CESM2, five ensemble
members were integrated for 100 years with a ~25% reduction in Ant-
arctic sea ice albedo, while no changes were applied to the Arctic Ocean,
ensuring that only Antarctic sea ice was affected. In CM2.1, five ensemble
members were also integrated for 100 years, but with a stronger reduc-
tion: members 1–3 used a 40% reduction, and members 4–5 used a 60%
reduction. These larger reductions were necessary to account for the
substantially weaker sea ice–albedo feedback in CM2.1 (ref. 26).

Previous studies65,66 demonstrated the usefulness of an albedo-
reduction strategy, in which sea-ice albedo was artificially decreased in
both hemispheres to investigate the global climate impacts of polar sea-ice
loss. This approach has the advantage of modifying sea ice interactively
without directly imposing SST or surface heat flux anomalies, thereby
preserving energy balance. Building on this framework, our rALB experi-
ments reduce sea-ice albedo only in the Antarctic, enabling us to isolate the
distinct role of Antarctic sea-ice decline in shaping the climate response.

As in the control simulations, ensemble members were generated by
perturbing the atmospheric initial conditions.

To assess the climate impact of Antarctic sea ice loss, we subtracted the
control simulations from the reduced Antarctic sea ice albedo experiments
(rALB minus Ctrl). Further details of the Ctrl and rALB experiments,
including ensemble configuration and experimental design, are summar-
ized in Supplementary Table 1.

Experimental design for the Asian jet southward shift
To assess the role of the southward shift of the Asian jet over the Tibetan
Plateau in shaping the delayed ocean warming in the northwestern Pacific,
we conducted an additional idealized experiment using zonal wind (U)
nudging. In these experiments, the model’s zonal wind over the Tibetan
Plateau (28°–53°N, 40°–90°E; the green box in Fig. 4a) was nudged toward a
prescribed monthly climatological zonal wind profile according to the fol-
lowing equation:

Fnudge ¼
α

Δtnudge
ðUtargetðtnextÞ � UmodelðtcurrentÞÞ ð1Þ

where Fnudge is the nudging term that corrects the model’s zonal wind
toward the targetfield,Utarget is themonthly climatological zonalwind from
the reference experiment and Umodel is the simulated state. The nudging is
updated every 24 h (tnext), while the correction is applied at eachmodel time
step (Δt ¼ 1800 s). The normalized nudging strength coefficient (α) is set to

Fig. 6 | Schematic illustration of the dynamical pathway connectingAntarctic sea-ice
loss to the development of positive PDO.
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1 throughout the nudging domain, with a relaxation timescale of Δtnudge ¼
12 h (0.5 days).

Two separate sets of nudging experiments were performed using
CESM2. In the first, the zonal wind was nudged toward the 1–30 year
monthly climatology from the Ctrl simulation; in the second, the target was
the 1–30 year monthly climatology from the rALB simulation. Each nud-
ging experiment consisted of three ensemble members, integrated for 30
years each. The difference between these two nudging experiments (rALB-
nudge minus Ctrl-nudge) isolates the climate response associated with the
southward shift of the Asian jet. The horizontal distribution of the 200-hPa
zonal wind (U200) over the Tibetan Plateau that defines the nudging region
is shown in Fig. 4a, and its latitude–pressure (Lev–Lat) cross-section is
presented in Fig. 4b. Further details of the Asian jet nudging experiments,
including ensemble configuration and experimental design, are summar-
ized in Supplementary Table 2.

Mixed-layer heat budget and term diagnostics
We diagnose the mixed-layer heat budget in flux units (Wm⁻²) and retain
the two dominant contributors for summer midlatitudes—diabatic surface
heating (with a penetrative shortwave correction) and horizontal tem-
perature advection. LetTm denote themixed-layer temperature (SST), h the
mixed-layer depth (MLD), ρ0 seawater density, and Cp heat capacity.

ρ0Cph
∂Tm

∂t
� Qdiab þ Qadv; ð2Þ

Diabatic surface heating: The effective diabatic forcing of the mixed
layer is the net surface heatfluxminus the penetrative shortwave thatwarms
waters below the MLD:

Qdiab ¼ Qnet � Qpen

� �
¼ QSW � Qpen þ QLW þ QLH þ QSH ; ð3Þ

where QSW is the downward shortwave at the ocean surface, QLW net
longwave radiation, QLH latent and QSH sensible heat flux (all positive
downward). The term (QSW � Qpen) represents the effective shortwave
heating of the mixed layer. The penetrative shortwave component is esti-
mated following theCESM2oceanmodel (POP2) implementation of Jerlov
water types, which applies a two-band Beer’s law parameterization:

Qpen ¼ QSW rf e
� h

d1 þ 1� rf
� �

e�
h
d2

h i
; ð4Þ

where rf is the fraction of the first band and d1, d2 are the attenuation
depths. For the default Jerlov type I (clear ocean water) used in CESM2, we
adopt rf ¼ 0:58, d1 ¼ 0:35m, and d2 ¼ 23:0m. We confirmed thatQpen is
small compared to the other surface flux terms and therefore neglected it in
our subsequent analyses.

Horizontal temperature advection:Mixed-layer horizontal advection
is

Qadv ¼ �ρ0CphðUm � ∇hTmÞ; ð5Þ

where Um are mixed-layer horizontal velocities and ∇h is horizontal
gradients.

For the difference between the rALB and Ctrl experiments, we first
diagnose separately from each simulation using Eqs. (3–5). The difference
between the two experiments is then obtained as

ΔQadv ¼ QrALB
adv � QCtrl

adv ; ð6Þ

ΔQdiab ¼ QrALB
diab � QCtrl

diab ð7Þ

Data availability
Climate model outputs for CESM2 and CM2.1 simulations conducted for
this study are available for download from https://doi.org/10.5061/dryad.
z8w9ghxsh.

Code availability
The CESM source code and the standard setup files can be obtained from
https://escomp.github.io/CESM/versions/cesm2.1/html/introduction.html.
The GFDL CM2.1 model and corresponding data are available from the
GFDL portal server (https://data1.gfdl.noaa.gov/CM2.X). The data analysis
was conducted using the software CDO and NCL. The analysis codes used
for data processing andgenerating the results presented in this study are also
available for download from https://doi.org/10.5061/dryad.z8w9ghxsh.
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