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Trans-basin linkages prolong Northwestern Pacific
marine heatwaves through a circumglobal wave pattern

Yu Zhao' and Jin-Yi Yu'"?*

Marine heatwaves in the Northwestern Pacific (NWP) have become increasingly frequent and persistent, yet the
mechanisms enabling their multiseasonal duration remain poorly understood. Through observational analyses
and climate model experiments, we demonstrate that NWP marine heatwaves are primarily driven by a quasista-
tionary wavenumber 5 circumglobal wave (CGW) pattern that operates independently of El Nifio-Southern Oscil-
lation. The CGW modulates surface heat fluxes during summer, triggering a self-reinforcing feedback loop where
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NWP warming intensifies the CGW pattern, amplifying and prolonging heatwaves across extended warm seasons.
Additionally, CGW-driven summer warming in the northern North Atlantic persists into winter through oceanic
thermal inertia, exciting a great-circle wave pattern that propagates back to the NWP, sustaining heatwaves
through cold seasons. This interplay between atmospheric waves and trans-basin interactions enables multiyear
marine heatwave events. Analysis of observational data and climate model simulations reveals a strengthening
CGW influence in recent decades, indicating more frequent and prolonged NWP marine heatwaves under ongo-

ing global warming.

INTRODUCTION

In the Northwestern Pacific (NWP), marine heatwaves (MHW3s)
have exhibited a marked increase in both frequency and intensity
over recent decades (1-3). Many of these events exhibit exceptional
persistence, spanning multiple seasons or even extending across
several years (1-6). Such prolonged MHWs exert profound impacts,
disrupting marine ecosystems, reducing fisheries productivity, and
modulating regional climate, thereby posing substantial threats to
biodiversity and coastal economies reliant on marine resources (7-
11). Elucidating the physical mechanisms driving prolonged NWP
MHWs is thus critical for improving predictive capability, inform-
ing climate adaptation strategies, and enhancing marine resource
management (2, 12, 13).

Existing frameworks for MHW formation focus on local atmo-
spheric forcing (2, 13-16), oceanic processes (17-20), and remote
influences from major climate variability modes (3, 5, 21-24). Con-
sistent with these, studies attribute NWP MHWs to persistent high-
pressure systems that reduce cloud cover, enhance solar radiation
absorption, and suppress latent heat loss. Enhanced atmospheric
stability under high-pressure conditions suppresses surface winds,
which decreases latent heat flux (25-27). Other research highlights
the role of ocean circulation changes, particularly anomalous trans-
port through western boundary currents (25, 28, 29). Several studies
also identify the El Nino-Southern Oscillation (ENSO) as a key
driver, with La Nifia conditions fostering anticyclonic atmospheric
patterns that promote NWP warming (24, 30).

Yet, as noted earlier, several NWP MHW:s (6) demonstrate remark-
able persistence despite the strong seasonality of the extratropical at-
mosphere (31) and weak ocean-atmosphere coupling in mid-latitudes
(32), both of which generally act to disrupt sustained ocean warming.
Notably, events like the 2018-2023 MHW have persisted across both
El Nifo and La Nifa phases, suggesting that mechanisms beyond local
processes and tropical forcing, central to conventional NWP MHW
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dynamics, also contribute (6, 27, 33). Recent studies show that anom-
alous high-pressure systems driving Northeastern Pacific MHW ,
particularly around the Gulf of Alaska, are embedded within planetary-
scale wave trains, facilitating MHW development through trans-basin
interactions (23, 34). These findings suggest that similar atmospheric
wave dynamics and trans-basin teleconnections may underpin the
prolonged duration of NWP MHWs, offering a perspective to under-
stand their persistence beyond traditional frameworks.

Building on this, we propose that the circumglobal wave (CGW)
pattern, also known as the circumglobal teleconnection pattern
(35, 36), drives the extended duration of NWP MHWs. This promi-
nent summer circulation feature spans the Northern Hemisphere
mid-latitude band (36). While prior studies have linked the CGW to
terrestrial extreme weather—such as heatwaves in Europe, Asia, and
North America (37-41)—its role in NWP MHW dynamics remains
underexplored. Given that CGW activity peaks during boreal sum-
mer, aligning with the documented maximum in NWP MHW inten-
sity and frequency (25, 42-46), it provides a compelling mechanism
for initiating and sustaining these events beyond local forcing alone.

Through observational analyses, model experiments, and Coupled
Model Intercomparison Project Phase 6 (CMIP6) historical simula-
tions, we demonstrate that the CGW pattern not only initiates NWP
MHWs in summer but also sustains them through trans-basin inter-
actions. The CGW’s hemispheric structure simultaneously drives sea
surface temperature anomalies (SSTAs) in the North Atlantic during
summer alongside MHWSs in the NWP. Those Atlantic SSTAs persist
into winter, exciting a great-circle wave pattern that propagates back
to the NWP, extending MHWSs from warm seasons (summer and
fall) through cold seasons (winter and spring). Together, these two
mechanisms enable NWP MHW persistence across seasons and,
when repeated across consecutive years, drive multiyear events. More-
over, we find that the CGW’s influence on NWP MHWs has inten-
sified under recent climate change. Crucially, these extratropical
wave dynamics operate largely independently of ENSO, underscor-
ing the need to expand conventional MHW frameworks to include
hemispheric-scale atmospheric variability in understanding future
extremes in the NWP.
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RESULTS

NWP MHWs: Seasonality and connection to the CGW pattern
The spatial pattern of NWP MHWs is revealed by regressing monthly
SSTAs onto the area-averaged SSTAs over the NWP region (the NWP
index; see Methods). This regression highlights a distinct warming
signal centered in the NWP, with the most intense anomalies situated
east of Japan (Fig. 1A). The warming extends southeastward into the
central North Pacific, forming an elongated pattern indicative of large-
scale atmospheric and oceanic influences. Analysis of the NWP index
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from 1870 to 2023 shows strong seasonal phase locking, with variance
peaking consistently in late boreal summer [July-August-September
(JAS)] across all 30-year segments throughout the period (Fig. 1B).
This summer peak corresponds with prior findings that NWP MHWs
are most frequent and intense during this season (42, 43, 47). En-
hanced ocean susceptibility to atmospheric forcing during summer,
when the shallowest mixed layer concentrates heat flux into mini-
mal heat capacity, amplifies the sea surface temperature (SST) re-
sponse. Coupled with evidence identifying atmospheric forcing as the
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Fig. 1. NWP MHWs: Pattern, seasonality, and atmospheric circulation patterns across seasons. (A) Sea surface temperature anomaly (SSTA) regression onto the NWP
index. (B) Seasonality of the NWP index for consecutive 30-year segments (1870-2020, in SDs) and for the full period (1870-2023, black line). (C) Summer [June-July-August
(JJA)] Z200 regression onto the late-summer [July-August-September (JAS)] NWP index, revealing a CGW pattern with five dominant High centers [(A) to (E), yellow boxes]
identified through local maxima. (D) Summer Z200* (Z200 anomalies with ENSO signal removed; see Methods) regression onto the same late-summer (JAS) NWP index,
showing a similar pattern to (C) with the same five dominant High centers [(A) to (E)]. (E) Winter [December-January-February (DJF)] Z200 anomalies regression onto the
late winter [January-February-March (JFM)] NWP index, showing a strong high-pressure center over the NWP region (marked as C with yellow box and label). (F) Winter
Z200* regression onto the late winter NWP index. The NWP region is marked by magenta boxes [(A) and (C) to (F)], and only center C of the CGW pattern is highlighted with
yellow label and box in winter panels (E) and (F). Statistical significance at the 95% confidence level is indicated by gray dots. idx, index.
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primary driver of NWP MHWs (6, 25-27), this pronounced season-
ality suggests that summer-specific atmospheric circulation patterns
play a dominant role in their formation.

We identified the primary atmospheric driver of summer NWP
MHWs by regressing summer [June-July-August (JJA)] 200-hPa
geopotential height (Z200) onto the late-summer (JAS) NWP index,
applying a 1-month SST lag to account for oceanic response delays.
This regression reveals a pronounced wavenumber 5 CGW pattern,
marked by an anomalous High center (center C) directly over the
NWP MHW region (Fig. 1C). Centers B and C are closely spaced in
the jet-exit region. To confirm that they represent dynamically dis-
tinct components, rather than a single continuous ridge, we per-
formed local wave activity (LWA) analysis (48). The LWA field shows
distinct local maxima at both B and C separated by a relative minimum
(fig. S1), confirming that they function as separate high-amplitude
wave packets. Repeating the analysis on Z200 anomalies with ENSO
influences removed (denoted as Z200%*; see Methods) reproduces the
same CGW signature (Fig. 1D), confirming that these atmospheric
dynamics operate largely independently of ENSO. We apply this
ENSO-removal framework throughout, except in the final part of
Results, where we explicitly compare ENSO’s contribution to NWP
MHW formation with non-ENSO processes. Spectral analysis of the
regressed CGW pattern (fig. S2) further underscores its dominant
wavenumber 5 structure, consistent with the five high-pressure cen-
ters in Fig. 1D.

We quantify the CGW patterns strength by defining a CGW index
from the five anomalous high-pressure centers identified in the Z200
regression (see Methods). All indices in this study—whether Z200,
SST, or CGW—are based on original anomalies. Regressing summer
Z200* anomalies onto the CGW index yields a pattern highly corre-
lated [correlation coefficient () = 0.915, P < 0.001, 20°N to 80°N]
with that obtained using the NWP index (cf fig. S3 and Fig. 1D). This
confirms the CGW index as an effective measure of the strength of the
summer atmospheric driver of NWP MHWs. The summer CGW and
late-summer NWP indices correlate strongly (r = 0.740, P < 0.001),
underscoring the CGW’s primary role in modulating NWP MHWs.

The upper-tropospheric CGW pattern exhibits equivalent baro-
tropic structure, projecting downward to the surface with sea level
pressure (SLP) highs, anticyclonic wind anomalies, and positive sur-
face heat flux (SHF) anomalies at center C (figs. S4A and S5). This
vertical coupling drives ocean warming through reduced cloud
cover, anticyclonic subsidence, and suppressed evaporative cooling—
mechanisms consistent with previous NWP MHW studies (6). Sum-
mer ocean mixed-layer heat budget analysis (see Methods) quantifies
this relationship: CGW-driven SHF anomalies account for 77.4% of
the total mixed-layer temperature tendency (fig. S5).

To elucidate the mechanisms sustaining the CGW pattern’s wave-
number 5 structure and quasistationary nature in summer, we ana-
lyzed the waveguide properties of the boreal summer atmosphere
(see Methods). Our analysis shows that regions where the stationary
wavenumber (Ks) exceeds 5 align closely with the summer climato-
logical position of the Northern Hemisphere jet stream, forming a
continuous waveguide linking all five anomalous High centers of the
CGW (A to E; Fig. 2A). Rossby wave phase speed approaches zero
(Fig. 2B), anchoring disturbances where the jet stream decelerates or
accelerates. Moreover, localized reductions in the potential vorticity
gradient lower Ks, creating conditions conducive to quasiresonant
amplification of wavenumber 5 disturbances (39, 49, 50). This qua-
siresonant state enhances the CGW’s coherence and persistence (51),
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thereby maintaining the hemispheric wave pattern through the bo-
real summer and effectively driving NWP MHWs.

We evaluated the temporal evolution and persistence of the five
CGW high-pressure centers by performing lagged regressions of Z200*
anomalies onto the summer CGW index. The resulting Hovmoller
diagram (30°N to 60°N; Fig. 2C) demonstrates the CGW pattern’s
quasistationary behavior, with all five centers remaining nearly fixed
at their respective longitudes throughout summer, showing minimal
propagation. Lagged autocorrelation of the CGW index and Z200*
anomalies at centers A to E (Fig. 2D) confirms their temporal stability,
with autocorrelation values remaining uniformly high over the sea-
son. Together, these waveguide properties and autocorrelation results
underscore the CGW’s quasistationary nature. Furthermore, these
analyses suggest that the summer jet stream’s climatological configu-
ration positions the NWP (i.e., center C of the CGW pattern) as a fa-
vored region for MHW formation.

NWP MHW persistence during the extended warm season:
Local NWP-CGW self-reinforcing feedback

To assess how long the summer NWP MHWs could last, we calcu-
lated the lagged correlation between the monthly NWP index and
the summer CGW index, examining the decay characteristics of the
NWP MHW’s SSTAs after their triggering by the CGW pattern in
summer (Fig. 3B). The analysis confirms that NWP-CGW correla-
tion peaks at a 1-month lag, reflecting the ocean’s delayed response
to atmospheric forcing. Following this peak, the correlation de-
creases slowly but remains elevated through November. To deter-
mine whether this persistence arises solely from oceanic thermal
inertia, we applied an AR(1) model (see Methods) to estimate SST
persistence driven by ocean memory alone. Comparing the observed
lagged NWP-CGW correlation to the AR(1)-predicted persistence
reveals that the observed correlation consistently exceeds the AR(1)’s
predictions across summer and fall, implying that additional mecha-
nisms, such as local ocean-atmosphere coupling, further sustain
NWP warming beyond what thermal inertia can explain.

One potential mechanism sustaining this persistence is a feedback
loop wherein NWP MHWs reinforce the anomalous High center that
initially triggers them. To explore this bidirectional interaction, we
regressed summer Z200* anomalies onto the summer NWP index to
evaluate the atmospheric response to NWP SST warming (Fig. 3C).
The resulting pattern closely mirrors the CGW that drives the NWP
MHWs (cf Fig. 1D), with all five High centers (A to E) spatially
aligned. This resemblance suggests that, following initiation of an
NWP MHW by the CGW, the resulting SST warming elicits an atmo-
spheric response that strengthens the CGW pattern, amplifying the
MHW and establishing a self-reinforcing feedback loop. Through this
self-reinforcing feedback loop, the CGW-associated circulation per-
sists into autumn, delaying the decay of warm anomalies and thereby
extending MHW duration.

To confirm that NWP MHWs can trigger the CGW pattern, we
conducted a forced experiment using NCAR’s Atmospheric General
Circulation Model (AGCM), in which an idealized Gaussian-shaped
SST warming anomaly was imposed over the NWP region (see Meth-
ods). The simulated summer Z200 response (Fig. 3D) resembles the
observed CGW pattern, displaying five distinct High centers. The
equivalent barotropic response extends to the surface, with corre-
sponding SLP highs and anticyclonic wind anomalies at each center
(fig. S4B). Center C remains anchored over the NWP, directly rein-
forcing the regional upper-level ridge. All five CGW high-pressure
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Fig. 2. Temporal persistence and quasistationary characteristics of the CGW pattern. (A) Summer (JJA) stationary wavenumber. (B) Summer Rossby wave phase
speed for zonal wavenumber k = 5. The CGW centers (A to E), identified from Fig. 1C, are indicated by yellow letters in (A) and (B). Brown contour lines represent climato-
logical 200-hPa zonal wind (U200) [(A) and (B)]. (C) Hovmdller diagram of lead-lag Z200* (Z200 anomalies with ENSO signal removed) averaged over 30°N to 60°N re-
gressed onto the summer CGW index, with the five CGW centers indicated. Gray dots denote statistical significance at the 95% confidence level. (D) Lead-lag correlation:
The blue line shows the CGW index lag correlation with the summer CGW index, whereas black lines represent lag correlations between individual CGW centers (A to E)
with the summer CGW index. Shading denotes the 95% confidence interval, and red dashed lines indicate the critical correlation coefficient. SON, September-October-

November; MAM, March-April-May.

centers are successfully reproduced in the AGCM experiment, with a
hemispheric-scale pattern correlation of 0.45 (P < 0.01, 20°N to
80°N). Both results exhibit wavenumber 5 dominance with small
phase difference of 39° (<n/4; fig. S6), confirming that the AGCM
successfully reproduces the CGW structure and ocean-atmosphere
feedback mechanism over the MHW region. The CGW pattern is
likely a quasistationary atmospheric response to MHW-induced
warming: Reduced meridional temperature gradients weaken the
summer jet stream via thermal wind balance (52), amplifying upper-
tropospheric wave activity. The summer jet stream’s waveguide prop-
erties (Fig. 2, A and B) determine both the wavenumber 5 structure
and the zonal positions of the five high-pressure centers, with near-
zero phase speeds keeping them quasistationary.

The ocean-atmosphere coupling in the NWP region sustains both
the NWP MHWs and the CGW pattern. As shown in the Hovmoéller
diagram (Fig. 2C), Z200* anomalies for all five High centers (except
center D) remain significant through summer and fall. Lagged auto-
correlation analysis of Z200* anomalies for individual centers (Fig. 2D)
further supports this, revealing that anomalies in all centers (except
center D) decay slowly, maintaining relatively high correlations from
JJA (summer) into at least SON (fall). This prolonged retention of
anomalies across most centers aligns with the sustained high values of
the CGW index, confirming that the CGW pattern remains a domi-
nant driver of atmospheric circulation throughout the extended warm
season (summer and fall).
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Collectively, our analyses and experiments reveal clear self-
reinforcing feedback: Summer CGW-induced NWP warming strength-
ens the CGW pattern itself, which further intensifies NWP warming.
This positive feedback loop enhances both the persistence and mag-
nitude of NWP MHWs throughout the extended warm season.

NWP MHW persistence during the extended cold season:
Remote trans-basin feedback from the North Atlantic
Lagged correlations between the monthly NWP index and the sum-
mer CGW index, presented in Fig. 3B, also reveal that CGW-driven
NWP warming persists beyond fall into winter and spring, retaining
significant intensity across these seasons. The NWP-CGW correla-
tion remains significant beyond the oceanic thermal inertias ex-
pected decay [e-folding time before December in the AR(1) model]
and even slightly strengthens during winter and spring. This raises a
critical question: How do NWP MHWs survive into winter and
spring when the strengthened mid-latitude jets of the cold season
should disrupt the summer’s quasistationary CGW? As the warm
season’s NWP-CGW feedback mechanism no longer works, an alter-
native mechanism must sustain the MHW:3s during the cold season.
To identify the atmospheric driver of NWP MHWs in winter, we
regressed December-January-February (DJF) Z200* anomalies onto
the NWP index (Fig. 1F). The resulting pattern no longer resembles
the CGW structure observed in summer. Instead, it features a promi-
nent anomalous High over the NWP, closely aligned with center C of
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Fig. 3. Self-reinforcing feedback between NWP warming and the CGW pattern across seasons. (A) Summer (JJA) SST* (SST anomalies with ENSO signal removed)
regression onto the summer CGW index. (B) Lag correlation between NWP and summer (JJA) CGW indices (green line, shading represents 95% confidence interval), com-
pared to a theoretical decay of an idealized AR(1) model fitted to NWP index (see Methods; dashed black line; o = 0.773, with e-folding time from peak correlation marked).
(€) Regression of Summer Z200* (Z200 anomalies with ENSO signal removed) onto the NWP index. (D) Summer Z200 response in the NWP Run of forced AGCM experi-
ment. (E) Winter (DJF) SST* regression onto the winter CGW-C index. (F) Lag correlation between the NNA and summer CGW indices (purple line, shading represents 95%
confidence interval), compared to a theoretical decay of an idealized AR(1) model fitted to NNA index (dashed black line; « = 0.859, e-folding time from peak correlation
indicated). (G) Winter (DJF) Z200* anomalies regression onto the winter NNA index. (H) Winter Z200 response in the NNA Run of forced AGCM experiment. The CGW
centers are marked with yellow labels in (C) and (D), and only CGW-C center is marked in (G) to (H). The critical correlation coefficient for significance at the 95% confidence
level is marked by the red dashed lines in (B) and (F). Magenta boxes denote the NWP regions in (A), (C) to (E), (G), and (H) and NNA regions in (A) and (E). Statistical sig-
nificance at the 95% confidence level is indicated by gray dots [(A), (C) to (E), and (G) to (H)]. The forcing center is marked by an “x”in AGCM runs [(D) and (H)]. Obs, obser-

vation; Exp, experiment.

the summer CGW pattern (hereafter CGW-C), along with two sub-
sidiary Highs: one extending from the southeastern US into the North
Atlantic and another over Eurasia. An identical pattern emerges when
regressing raw Z200 anomalies (Fig. 1E), underscoring its robustness.
Unlike the quasistationary summer CGW, however, the winter tele-
connection experiences greater subseasonal variability from intrasea-
sonal oscillations and regime transitions. This winter pattern raises the
question of what maintains it. Barotropic energy conversion analysis
(see Methods) reveals negative values at center C when regressed onto
the winter NWP index (fig. S7), indicating that synoptic eddies trans-
fer kinetic energy to the time-mean flow, thereby reinforcing and

Zhao and Yu, Sci. Adv. 12, eadz4647 (2026) 3 July 2026

maintaining the winter wave train pattern. This mechanism in the jet-
exit region helps sustain the anomalous high-pressure system over
NWP MHWs.

We define a CGW-C index to quantify the strength of the anom-
alous High over the CGW-C region (see Methods). Regression of
winter Z200* anomalies onto this index (fig. S8A) reproduces all
three anomalous Highs observed in Fig. 1E. A robust correlation be-
tween the winter CGW-C and NWP indices (r = 0.594, P < 0.001)
underscores the pivotal role of the CGW-C High in sustaining NWP
MHWs during winter. Additionally, the winter mixed-layer heat
budget (fig. S9) shows that the CGW-C High drives NWP MHW
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warming primarily through meridional ocean temperature advec-
tion (accounting for 51.2% of the total effect), with SHF playing a
smaller role (14.6%), contrasting with summer’s SHF-dominated
warming pattern.

To investigate the origin of the winter CGW-C High, we regressed
winter SST* anomalies onto the CGW-C index (Fig. 3E). This analy-
sis highlighted significant warming in both the NWP and northern
North Atlantic (NNA) as linked to the CGW-C High, suggesting that
SSTAs in these regions may trigger its formation. In the forced AGCM
experiment with an idealized NWP warming (fig. S8B), a high forms
over the CGW-C region in winter but remains too confined com-
pared to observations (cf figs. S8A and 1F). In contrast, a forced
AGCM experiment with a Gaussian-shaped SSTA warming imposed
in the NNA region (see Methods) successfully reproduced both the
CGW-C High and a wave train pattern that included additional
anomalous Highs over Eurasia and the NNA (Fig. 3H).

Although the AGCM response (Fig. 3H) shows stronger ampli-
tude than the observational NNA-NWP regression (Fig. 3G), this dif-
ference likely reflects methodological factors. The 10-member AGCM
ensemble filters internal atmospheric variability that may obscure
signals in the limited observational record, while the idealized AGCM
forcing (1°C coherent Gaussian anomaly) is stronger and more per-
sistent than typical observed NNA conditions. Observational regres-
sion limitations from nonlinearity or competing SST forcings could
also contribute to the weaker observed relationship. Nevertheless,
these results demonstrate that NNA warming is physically capable of
generating the observed winter atmospheric pattern, identifying win-
tertime NNA warming as a critical trigger of the CGW-C High,
which, in turn, influences the persistence of NWP MHWs during the
cold season.

Because the NNA region lies near Center E of the summer CGW
pattern, the winter NNA warming may initially be induced by the
summer CGW and then persists into winter. Regressing JJA SST*
onto the summer CGW index (Fig. 3A) reveals CGW-associated
warming in both the NWP and NNA. Summer ocean mixed-layer
heat budget analysis shows that the CGW similarly drives NNA
warming through the same SHF process (fig. S10).

The key to understanding the NNA’s winter persistence lies in its
thermal inertia. The NNA region exhibits substantially deeper mixed
layer (~110 versus ~65 m for NWP), which translates to stronger
thermal persistence. Lagged autocorrelation analysis (fig. S11) quan-
tifies this: NNA shows significantly stronger lag-1 autocorrelation
(x = 0.857, e-folding time T = 6.5 months) compared to NWP
(o = 0.773, T = 3.9 months), with nonoverlapping 95% confidence
intervals confirming statistical significance. This 67% slower decay
rate closely matches theoretical predictions based on the MLD ratio:
In(agyp) /1n(0gya ) = 1.69 ~ Hyna / Hywp = 1.69; consistent with
the stochastic energy balance model (see Methods). The lagged cor-
relation of the monthly NNA index with the summer CGW index
decays slowly from fall through the following spring (Fig. 3F), close-
ly aligning with the expected AR(1) decay rate (o = 0.859, e-folding
time to late February). Lagged SST* regressions confirm persistent
NNA warming from summer through winter (fig. S12), sustaining
the trans-basin teleconnection that reinforces NWP MHWs during
the cold season.

Although the NNA exhibits stronger SST persistence than the
NWP due to deeper mixed layers, it does not drive the summer
CGW. The summer NNA forcing experiment (fig. S13) produces
only localized responses without the hemispheric wavenumber 5
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pattern or high over NWP. Thus, the NNA acts as a “seasonal mem-
ory keeper”: summer CGW warms it, and this persistent warming
then drives the winter teleconnection. The NNA AGCM experiment
(Fig. 3H) confirms this mechanism: Winter NNA warming generates
the CGW-C High and associated wave train. Observational analysis
further supports this: Regressing winter Z200* anomalies onto the
NNA index (Fig. 3G) reveals a trans-basin wave train with a particu-
larly prominent high-pressure anomaly over center C. The pattern
indicates that a great-circle wave train pattern extends from the NNA
across northern Eurasia before curving southward into the North
Pacific, establishing three distinct High centers: one over the NNA,
another over northern Eurasia, and a third over the NWP region.
These three centers closely match the dominant Z200* anomaly pat-
tern associated with winter NWP warming (Fig. 1G), confirming that
the NNA-driven wave train creates atmospheric conditions condu-
cive to NWP MHWs through the extended cold season (from win-
ter to the following spring).

Strengthening CGW-MHW linkages under climate change
over recent decades

We evaluated whether the CGW forcing, NWP MHWs, and their
trans-basin interactions have strengthened over recent decades by ex-
amining 1850-2014 simulations from 43 CMIP6 models (table S1)
alongside the Twentieth Century Reanalysis (20thC-Reav3). Both the
CMIP6 multimodel mean (MMM) and the 20thC-Reanv3 exhibit
a wavenumber 5 CGW pattern in summer Z200* regressions onto
their NWP indices (fig. S14), closely matching the pattern identi-
fied in the National Centers for Environmental Prediction (NCEP)/
National Center for Atmospheric Research (NCAR) Reanalysis 1
(used as the observational reference; NCEP-R1) (cf Fig. 1D). This
consistency confirms that CMIP6 models effectively capture the ob-
served CGW-driven dynamics of NWP MHWs.

The analysis of the observed and modeled summer CGW index
from 1850 to 2014 reveals a pronounced increasing trend across all da-
tasets (Fig. 4A). The CMIP6-MMM, 20thC-Reav3, and NCEP-R1 all
demonstrate a significant intensification of CGW activity, particularly
from the late 20th century onward. A similar but weaker increasing
trend is also observed in the NWP index (Fig. 4B). We further detrend-
ed these series and performed a running 30-year correlation between
the detrended NWP and CGW indices (Fig. 4C), finding a statistically
significant strengthening relationship over time. Since 1970, the cor-
relation has increased at a rate of 0.34 per century in CMIP6-MMM
(P < 0.001) and 0.12 per century in NCEP-R1 (P = 0.090). These in-
creases document a progressively stronger atmosphere-ocean connec-
tion in the NWP region. This enhanced coupling suggests that the
self-reinforcing feedback mechanism identified in our study has be-
come more efficient, potentially leading to more persistent and intense
summer MHWs in this region.

The summer NNA and CGW relationship exhibits an even more
pronounced strengthening (Fig. 4D). Since 1970, the 30-year running
correlations rise at 0.59 per century (P < 0.001) in CMIP6-MMM and
1.04 per century (P < 0.001) in 20thC-Reav3, while NCEP-R1 shows
a 0.45 per century increase (P < 0.001). This marked enhancement of
the CGW’s influence on NNA SSTAs during summer indicates that
the NNA region has become more responsive to CGW forcing in re-
cent decades, facilitating the trans-basin feedback that sustains NWP
MHWs during the extended cold season. Winter correlations be-
tween the NWP and NNA indices have also strengthened since 1970
across all datasets (Fig. 4E), although values remain below the 95%
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Fig. 4. Enhanced CGW-NWP relationship under climate change in observations and CMIP6 historical simulations. (A) Time series of normalized undetrended sum-
mer (JJA) CGW index from 1850 to 2014 showing CMIP6 multimodel mean (CMIP6-MMM) (thick green line), 20thC-Reav3 (purple), and NCEP/NCAR Reanalysis 1 (NCEP-R1;
pink). (B) Similar to (A) but for the summer NWP index. (C) Thirty-year window running correlation between detrended summer CGW and NWP indices. (D) Similar to (C)
but showing summer CGW and NNA indices. (E) Similar to (C) but showing winter (DJF) NWP and NNA indices. The red dashed lines indicate the critical correlation coef-
ficient (0.367, df = 28) at 95% confidence level. The correlation coefficient trend values from 1970 to 2014 and P values are labeled, and the gray areas highlight the trend
time span [(C) and (D)]. Light green lines represent individual models, and green shadings represent the 95% confidence interval of CMIP6-MMM. yr, years.
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significance threshold (critical » = 0.367). This enhanced Atlantic
feedback may be associated with the Atlantic multidecadal oscillation
(AMO), which shifted from a cold phase peak to a warm phase since
the late 1960s, potentially enhancing the NNA capacity to trigger a
trans-basin wave pattern (53). This suggests that the trans-basin tele-
connection linking NNA conditions to winter NWP warming has
likely become more pronounced in recent decades.

To test robustness to different detrending methods, we applied qua-
dratic and EEMD detrending in addition to our primary linear ap-
proach (fig. S15 and table S2). The CGW-NNA relationship shows the
most robust strengthening across all methods and datasets, with posi-
tive trends of 0.30 to 1.04 per century (all P < 0.001). The winter NWP-
NNA relationship also significantly strengthens in most cases (in seven
of the nine method-dataset combinations), with trends of 0.12 to 0.79
per century. The CGW-NWP relationship exhibits greater sensitivi-
ty: CMIP6-MMM shows consistent positive trends (0.12 to 0.34 per
century), while observations show nonsignificant trends with nonlin-
ear methods. These results demonstrate that trans-basin interactions
(CGW-NNA and NWP-NNA) strengthen robustly, while CGW-NWP
strengthening is most evident in CMIP6 models and with linear de-
trending, suggesting influence from broader climate change signals
including the overall warming trend and multidecadal variability.

Evaluating ENSO’s role in CGW and NWP MHW mechanisms
Building on studies suggesting that ENSO may modulate or influ-
ence the CGW pattern (54), primarily through its impact on the
Indian summer monsoon (36, 55, 56), we assessed the tropical Pacific’s
potential role in shaping NWP MHW:s by regressing summer SSTAs
onto the NWP index (Fig. 5A). This analysis shows the hallmark
NWP warming, accompanied by La Nifia-like cooling in the tropical
Pacific. Conversely, summer SSTAs regressed onto the cold tongue
index (CTI; see Methods) also exhibit NWP warming but with a dis-
tinct southeastward extension into the subtropical central Pacific,
rather than the full zonal footprint of NWP MHWs (Fig. 5B). This
discrepancy suggests that the NWP SST warming pattern associated
with or triggered by La Nifa does not fully reproduce the observed
NWP MHW pattern. Furthermore, regressing Z200 anomalies onto
the CTI shows partial alignment with CGW centers (fig. S16), yet the
resulting pattern is not dominated by a wavenumber 5 structure
(fig. S17), suggesting that ENSO is not the dominant driver of either
the CGW pattern or NWP MHWs. Thus, the precise contribution of
ENSO forcing to the summer CGW and NWP MHWs merits fur-
ther investigation.

In the observational record (1948-2024), late-summer NWP and
summer CGW indices exhibit a strong positive correlation (r = 0.740,
P < 0.001; Fig. 5C, bottom left), highlighting the CGW’s central role
in driving NWP MHWs. This relationship persists through both El
Nifo (CTI > +0.5 SD; warm-colored) and La Nifa (CTI < —0.5 SD;
cool-colored) conditions, indicating that CGW forcing operates in-
dependently of ENSO phase. To disentangle ENSO and CGW con-
tributions, we compared the PDFs of the late-summer NWP index
under La Nina (CTI < 0) and positive CGW (CGW > 0) conditions
using 1000-sample bootstrap tests with a skewed Gaussian distribu-
tion assumption (Fig. 5C, top). A Kolmogorov-Smirnov (KS) test
indicates a statistically significant difference between the two PDFs
(P < 0.001), reinforcing that CGW and ENSO represent separate
forcing mechanisms for NWP MHWs. Furthermore, the modal
NWP index under positive CGW (M = 0.364 SD) is nearly nine
times greater than under La Nina (M = 0.040 SD), demonstrating
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that CGW forcing elicits stronger NWP warming than La Nina
alone. A similar PDF analysis comparing summer CGW index val-
ues under negative CTT and positive NWP conditions (Fig. 5C, bot-
tom right) further demonstrates that local NWP SST warming more
effectively amplifies the summer CGW pattern than ENSO forcing.
A KS test confirms a significant difference between these distribu-
tions (P < 0.001), with the CGW index’s PDF under positive NWP
conditions showing a modal value (M = 0.444 SD) that is ~11 times
greater than under negative CTI conditions (M = 0.040 SD), high-
lighting that local NWP warming is more efficient at exciting the
CGW pattern than La Nina forcing.

We evaluated the influence of ENSO on the summer CGW-NWP
relationship by computing both standard and partial correlations
among the CTI, NWP, and CGW indices (Fig. 5D). The standard
CGW-NWP correlation is 0.740, explaining ~55% of NWP vari-
ance; after removing ENSO effects, the partial CGW-NWP correla-
tion remains high (r = 0.708), demonstrating that this linkage is
largely independent of ENSO. In contrast, the CTI-NWP standard
correlation is —0.344 (~10% of variance), and it falls to —0.168 (~3%
of variance, P = 0.181) once CGW influences are accounted for, ren-
dering it nonsignificant. Similarly, the CTI-CGW correlation drops
from —0.321 to —0.104 (P = 0.406) when the NWP index is held
constant. These results indicate that ENSO contributes only margin-
ally, if at all, to NWP MHWs and CGW variability, whereas the
CGW itself stands out as the primary driver of NWP MHWs, large-
ly independent of ENSO forcing.

DISCUSSION

This study establishes a framework for understanding the formation
and persistence of NWP MHWs, emphasizing the pivotal role of ex-
tratropical atmospheric wave dynamics and trans-basin interactions.
During summer, a quasistationary wavenumber 5 CGW pattern
drives NWP warming, which is amplified by a self-reinforcing feed-
back loop: The CGW triggers NWP warming, which subsequently
strengthens the CGW (Fig. 6A). This local ocean-atmosphere cou-
pling sustains MHWs throughout the extended warm half-year. Ad-
ditionally, trans-basin feedback connects the North Atlantic to the
NWP: summer CGW-induced warming in the NNA persists into
winter due to oceanic thermal inertia. Following the dissipation of
the summer CGW, this lingering winter NNA warming generates
a large-scale wave train across Eurasia (Fig. 6B), sustaining NWP
MHWs through the extended cold half-year. Collectively, these two
seasonal mechanisms explain how NWP MHWs persist across a full
annual cycle and, when repeated across consecutive years, drive mul-
tiyear events.

Century-long reanalysis datasets (20thC-Reav3), CMIP6 histori-
cal simulations, and recent observational data (NCEP-R1) collec-
tively reveal a strengthening of the CGW-NWP interaction and
trans-basin feedback since 1970, likely driven by global warming, the
AMO’s phase shift, or both. These enhancements suggest a potential
for increasingly severe, prolonged, and frequent NWP MHW s under
continued global warming.

While our AGCM experiments demonstrate that NWP SST anom-
alies can excite the CGW, we acknowledge that other large-scale fac-
tors may also contribute to driving the CGW pattern. Changes in
atmospheric circulation due to Arctic amplification (57, 58), aerosol
forcing (59, 60), jet stream shifts (61), and other processes could
influence CGW activity and its relationship with NWP MHWs. A
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Fig. 5. CGW dominance over ENSO forcing in driving NWP MHW:s in observations. Summer (JJA) SSTA regression onto (A) summer NWP and (B) summer CTl indices
(multiplied by —1 for comparison). (C) The figure contains three elements: (i) Top: Two probability density functions (PDFs) showing late-summer (JAS) NWP under cooling
tropical conditions (summer CTl < 0) and positive summer CGW conditions; black dashed lines denote corresponding modal values; (ii) Bottom right: Two PDFs showing
summer CGW under cooling summer CTl and warm summer NWP conditions (thick purple dash line indicates warm late-summer NWP conditions); (iii) Bottom left: Scat-
ter plot of yearly values of late-summer NWP versus summer CGW indices, with points colored according to their corresponding summer CTl values. Distributions in (i) and
(ii) differ significantly [Kolmogorov-Smirnov (KS) test: P < 0.001 for both NWP and CGW]. (D) Correlation heatmap between the three indices (standard correlation coeffi-
cients in top right, partial correlation coefficients in bottom left), with asterisks marking 99% significance. Magenta boxes indicate the NWP regions, and blue boxes indi-
cate the CTl regions [(A) and (B)]. Gray dots in (A) and (B) denote statistical significance at the 95% confidence level.
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Fig. 6. Overview of trans-basin feedback mechanisms sustaining NWP MHWs across seasons through extratropical atmospheric waves. (A) Extended warm sea-
son self-reinforcing mechanism: The CGW pattern with high-pressure centers A to E drives NWP MHWs. Red arrows between NWP and center Cillustrate the self-reinforcing
feedback where NWP warming strengthens the CGW pattern. Simultaneously, the CGW drives warming in the NNA, shown by arrows from center E to NNA. (B) Extended
cold teleconnection: The North Atlantic influences NWP through a great-circle wave pattern. The red arrow shows how high pressure over center C maintains NWP warm-
ing, whereas the blue arrow indicates NNA's role in exciting this teleconnection. Both NWP and NNA regions appear highlighted in red. The red-shaded arrow connecting
(A) and (B) represents NNA warming persisting through ocean memory into winter. Dashed blue lines trace wave pathways.

comprehensive investigation of the roles of these factors in the CGW-
NWP MHW relationship would require extensive additional analyses
beyond the scope of the present study. The physical framework that we
establish here, demonstrating that ocean-atmosphere coupling in the
NWP can excite and sustain the CGW pattern through self-reinforcing
feedback, provides a foundation for future investigations into how
these additional factors may modulate or enhance this self-reinforcing
feedback mechanism.

While our framework explains the mechanisms enabling multi-
seasonal and potential multiyear persistence of NWP MHWs, MHW
termination occurs when the feedback loops are interrupted by stron-
ger internal atmospheric or oceanic dynamics. During certain years
or seasons, internal atmospheric variability may overwhelm the air-
sea coupling mechanisms. For example, when the atmosphere’s inter-
nal dynamics favor anomalous low-pressure conditions over the
NWP region rather than the high-pressure anomaly that would nor-
mally be induced by warm SSTAs, the summer self-reinforcing feed-
back cannot be established. Similarly, during winter, if atmospheric
internal variability produces circulation patterns that prevent the for-
mation of the expected high-pressure response to NNA warming,
then the trans-basin teleconnection fails to sustain the NWP MHW.
In such cases, despite the presence of warm SST anomalies in both the

Zhao and Yu, Sci. Adv. 12, eadz4647 (2026) 3 July 2026

NWP and NNA regions, the positive feedback mechanisms are inter-
rupted and the MHW event terminates.

Although our study emphasizes delineating the CGW-NWP and
trans-basin feedbacks rather than their root causes, several factors
may contribute to these evolving dynamics: decreasing mixed-layer
depths that enhance SST-atmosphere coupling (19, 20, 62, 63), lati-
tudinal shifts in jet stream location that reshape Rossby wave wave-
guides (57, 61, 64), Arctic amplification that weakens meridional
temperature gradients and modifies atmospheric wave dynamics
(51, 57,58, 65), and changes in North Pacific blocking activities near
the NWP region (50), among others. Further research is needed to
explore the evolving nature of extratropical atmospheric wave dy-
namics, associated atmosphere-ocean and trans-basin interactions,
and their roles in driving ocean extreme events that affect marine
ecosystems, fisheries, and coastal communities.

METHODS

Observational data

This study uses multiple observational datasets spanning different
temporal ranges. We obtained monthly SST data at 1° by 1° spatial
resolution from the Hadley Centre Sea Ice and SST dataset (66)
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(1870 to September 2024). We sourced atmospheric variables, in-
cluding geopotential height at 200 hPa (Z2200), zonal and meridional
winds at 200 hPa (U200 and V200), and downward surface short-
wave radiation, from NCEP/NCAR Reanalysis (67) at 2.5° by 2.5°
spatial resolution (1948 to September 2024). We obtained ocean vari-
ables essential for mixed-layer heat budget analysis, including mixed-
layer depth, potential temperature, horizontal currents, and net SHE,
from the Global Ocean Data Assimilation System dataset (68) at
1° by 1/3° spatial resolution (1980 to September 2024).

Historical CMIP6 multimodel data

We analyzed historical simulations from 43 CMIP6 models (69)
(listed in table S1) covering the period 1850-2014. For consistency,
we remapped all model outputs onto a 1° by 1° resolution grid via
bilinear interpolation. We extracted surface air temperature (SAT;
used as an SST proxy where SST was unavailable) and Z200 for con-
sistency with observational fields.

The 20th Century Reanalysis V3 data

To extend our long-term perspective, we include the NOAA-CIRES-
DOE 20th Century Reanalysis V3 dataset (70), spanning from 1850
to 2014, at 1° by 1° spatial resolution. As with CMIP6, we use SAT as
a surrogate for SST and analyze Z200.

Data processing

For all datasets described above, we computed anomalies as devia-
tions from the 1981-2010 seasonal climatology. Linear trends were
removed from all variables by default.

Climate indices

Several key climate indices were constructed to analyze the relation-
ships between MHWSs and atmospheric patterns. The NWP index
was defined as the area-average SSTAs over the region 37.5°N to
47.5°N, 155°E to 180°E to capture the warming behavior and vari-
ability associated with NWP MHWs, rather than applying a formal
percentile-based MHW definition. The CGW index was derived by
averaging the Z200 anomalies at five key centers (A to E): center A
(30°N to 45°N, 10°E to 45°E), center B (37.5°N to 52.5°N, 105°E to
140°E), center C (40°N to 55°N, 145°E to 180°E), center D (42.5°N
to 57.5°N, 150°W to 115°W), and center E (40°N to 55°N, 70°W to
35°W). The final CGW index represents the sum of these five nor-
malized center values. Individual center indices (e.g., CGW-C) rep-
resent the normalized Z200 anomaly averaged over their respective
regions. The CTT was defined as the area-averaged SSTAs over the
eastern equatorial Pacific region (6°S to 4°N, 150°W to 80°W). The
NNA index was defined as the area-averaged SSTA over the re-
gion 35°N to 55°N, 70°W to 10°W. All indices are normalized prior
to analysis.

Statistical significance test
Statistical significance for correlation and regression coefficients was
assessed using Student’s t test, with degrees of freedom adjusted to
account for temporal autocorrelation following (71).

To account for the reduction in independent samples due to tem-
poral persistence, we calculated the effective degrees of freedom as

(1)
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where N is the sample size, r; is the lag-1 autocorrelation of the pre-
dictor time series, and r; is the lag-1 autocorrelation of the predic-
tand time series. For spatial regression analyses, r, represents the
lag-1 autocorrelation of the area-averaged predictand field as a con-
servative estimate. For comparing distributions, the KS test was ap-
plied to assess whether two sample distributions significantly differ.
All tests were applied at significance levels of a = 0.05 or 0.01.

LWA analysis

To quantify wave amplitude and identify distinct wave packets, we

calculated LWA following (48). LWA measures the meridional dis-

placement of the jet stream from its zonal-mean position, providing

an objective metric for identifying high-pressure/blocking regions.
The LWA is defined as

A\ O, t) =

2)

¢

L J (6— Q)acosc])/dcl)/
acosd Jy,

where A is the LWA, A is longitude, @ is latitude, a is Earth’s radius,

Q is quasigeostrophic potential vorticity (QGPV) at a given pressure

level (200 hPa here), Q is the zonal mean of QGPYV, and ¢ is the

southern reference latitude.

The QGPV is calculated as
_ 1 ov 1 0(ucosd)
Q=/+ acosp O acosp 0o 3)

where fis the Coriolis parameter, and u and v are zonal and meridi-
onal winds, respectively.

Wavenumber spectral analysis

To identify the dominant zonal wavenumbers in the atmospheric cir-
culation patterns, we performed spectral analysis on the 200-hPa me-
ridional wind with ENSO signal removed (V200%*) regressed onto the
corresponding indices. V200* was chosen over Z200* for its better
representation of wave-like structures. A fast Fourier transform was
applied to these zonal regressions to decompose the spatial anomalies
into wavenumber components.

Ocean mixed-layer heat budget
The mixed-layer temperature tendency equation (72) can be expressed as

oT, - T T T.-T
m _ Qnet st(h) _ U 0 m + Vi 0 m —w, m h +DIFF
ot pcyh 0x oy h
(4)

where T, is the potential temperature vertically averaged over the
mixed layer, t is time, Q,, is the net SHF, Q,(h) is the shortwave
radiation that penetrates through the base of the mixed layer,
p = 1026 kg m™? is seawater density, ¢, = 4200 ] kg™'K™" is the spe-
cific heat capacity of seawater, h is the mixed-layer depth, (um, vm)
is the horizontal current velocity vertically averaged over the mixed
layer, w, is entrainment velocity at the base of the mixed layer, and T,
is potential temperature at the bottom of the mixed layer. The term
DIFF represents diffusion. In our analysis, vertical advection and
DIFF are treated together as residuals. The penetrative shortwave
radiation at depth & is parameterized following an exponential de-
cay function (73)

Que(M) & Quy(0) [ e™ki 4+ (1—a)e™/%]

(5)
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where Q,,(0) is the surface shortwave radiation, o = 0.58 is the fraction
of energy in the longer-penetrating spectral band, k; = 0.35 m and
k, = 23 m are the attenuation coefficients for the long and shortwave
bands, respectively.

Waveguide analysis: Stationary wavenumber and Rossby
wave phase speed

The stationary wavenumber (Ks) and the Rossby wave phase speed
(c,) are fundamental parameters in atmospheric dynamics that de-
scribe the propagation and behavior of planetary waves. The station-
ary wavenumber Ks is defined as (74)

(6)
where 3" is the effective meridional absolute vorticity gradient, given by

. 3’U

pr=p e (7)

_df _ 2Qcosd . .. . . >

where = —==—1Is the planetary vorticity gradient, Q is Earth’s

rotation rate, ¢ is latitude, a is Earth’s radius, and U is the zonal wind

speed. Equation 3 accounts for both planetary vorticity effects and

the influence of the background wind curvature, making it more

precise in determining the spatial scale of stationary Rossby waves.

The Ks represents the threshold for Rossby wave propagation: waves

with zonal wavenumber k < Ks propagate freely, whereas waves with

k > Ks decay; when k = Ks, waves propagate along the waveguide
with minimal amplification or attenuation (35, 75).

The Rossby wave phase speed (c,) is given by

P
k42
where k and [ are the zonal and meridional wavenumbers, respec-
tively. In our analysis, we focus on purely zonal propagation by set-
ting [ = 0.

cp=U—

(8)

Removing ENSO influence

To isolate the CGW’s influence, we removed the ENSO impact by
subtracting the linear regression patterns of each variable onto CTI
from the original anomalies at each grid point, creating residual
anomalies (denoted with asterisks) as follows

X* =X —y-CTI (9)

where X represents either SST, Z200, or V200, and vy is the regression
coefficient map of variable X regressed onto the CTT index. This ap-
proach effectively removes the linear component of ENSO-related
variability while preserving independent signals, including those as-
sociated with the CGW pattern.

The first-order autoregressive AR(1) model
A first-order autoregressive AR(1) model is expressed as

p(k) = a*p(0) (10)
where o represents the lag-1-month autocorrelation of the NWP in-
dex, p(0) denotes the peak NWP-CGW correlation, and k is the
number of months after the peak. This model assumes that the de-
cay of NWP SSTAs after the peak correlation with the CGW is gov-
erned by a first-order autoregressive process, where the memory of
the system is determined by the lag-1-month autocorrelation coef-
ficient a.
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Barotropic energy conversion
To assess eddy-mean flow interactions in the winter wave train, we
calculated the barotropic conversion term

CK=—u'v' 0u/dy —(u'2—v'2) 0ufdx (11)

where 1" and v are deviations from the zonal mean and u is the time-
mean zonal-mean zonal wind. Negative CK indicates energy transfer
from eddies to the mean flow, contributing to wave amplification;
positive CK indicates energy transfer from the mean flow to eddies.
Spatial smoothing (5 by 5 grid points) was applied before regression
analysis to highlight large-scale patterns.

Stochastic energy balance model
To validate the relationship between MLD and SST persistence, we
applied a stochastic energy balance model framework. The ocean
mixed-layer temperature evolution can be approximated by a first-
order autoregressive process driven by stochastic atmospheric forc-
ing and thermal damping
dT/dt = —\T + F(t) (12)

where T is the SST anomaly, A is the damping coefficient, and F(f)
represents stochastic atmospheric forcing. The damping timescale
T = C/A, where C = pc,, H is the heat capacity of the mixed layer, p
is seawater density, c, is specific heat capacity, and H is the mixed-
layer depth.

For monthly time steps (At = 1 month), the lag-1 autocorrelation
a of SST anomalies is related to the damping timescale through

I

o= e_A “oepH (13)
Taking the natural logarithm of both sides
In(a) = —At - }»/(pcp H) (14)

This shows that In(a) is inversely proportional to H. Therefore,
for two regions with different MLD

ln((xl)/ln((xz) = H,/H, (15)
we calculated the theoretical autocorrelation ratio using climato-
logical MLD values and compared it with the observed lag-1 auto-
correlations to validate that MLD differences explain the differential
SST persistence.

Forced AGCM experiments

We conducted forced AGCM experiments using the F1850 compset of
CAMB6 (76, 77), configured with a horizontal resolution of ~2.5° longi-
tude X 1.9° latitude and 30 vertical layers extending from the surface
to 3.65 hPa. A total of three experiments were performed: a control
(CTRL) run, and two sensitivity runs (NWP and NNA), each consist-
ing of 10 ensemble members. In the CTRL run, monthly-varying cli-
matological SST and sea ice data (78) were prescribed to drive CAMS6.
The NWP and NNA runs were forced with idealized Gaussian-shaped
SST patterns (fig. S18). The NWP AGCM Run forcing center had a
2°C anomaly with an e-folding radius of 15° in the west-east (W-E)
direction and 10° in the south-north (S-N) direction. The NNA
AGCM Run forcing center had a 1°C anomaly with an e-folding radi-
us of 15° in the W-E direction and 15° in the S-N direction. Each
experiment was integrated for 2 years. The differences between the
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sensitivity runs and the CTRL run were analyzed to determine the
atmospheric response to the prescribed SSTA forcing.

Supplementary Materials
This PDF file includes:
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Figure S1. Local Wave Activity confirms separate wave packets at B and C.

Summer (JJA) Local Wave Activity at 200 hPa regressed onto the CGW index. Gray
dots indicate 95% significance.
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Figure S2. Zonal wave number spectrum of the Circumglobal Wave (CGW)
pattern. The zonal wave number spectrum is derived from meridional wind (30°N—
60°N) anomalies regressed onto the late summer NWP index, with ENSO signals
removed (see Methods). The blue line shows the spectrum averaged across the 30°N—
60°N latitude band, with light blue shading indicating the 95% confidence interval.
Gray lines represent spectra at individual latitudes within this band (2.5° intervals),
highlighting the dominant wavenumber-5 structure consistent with the five high-
pressure centers observed in the CGW pattern.
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Figure S3. The Circumglobal Wave pattern revealed by the CGW index. Summer
(JJA) Z200* anomalies (Z200 with ENSO influences removed; see Methods) regressed
of onto the summer CGW index, highlighting five High centers labeled A—E (yellow
boxes). The Northwestern Pacific (NWP) region is outlined in a magenta box. Gray
dots indicate areas statistically significant at the 95% confidence level.
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Figure S4. Surface expression of the Circumglobal Wave pattern. A Summer (JJA)
sea-level pressure anomalies (SLP*, hPa, shading) and surface wind anomalies (UVsfc,
vectors, m/s) regressed onto the summer CGW index from observations. B Summer
surface wind response (vectors, m/s) and SLP anomalies (shading, hPa) in the NWP
Run of forced AGCM experiment. The magenta boxes indicate the NWP region, and

the forcing center is marked by 'x' in panel B.
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Figure S5. Summer ocean mixed-layer heat budget with the Circumglobal Wave
pattern in North Pacific. A Regression of summer ocean mixed-layer temperature
tendency (dTm) onto the CGW index. B Regression of surface heat flux (SHF) onto the
CGW index. C Regression of zonal Tm transport onto the CGW index. D Regression
of meridional Tm transport onto the CGW index. E Regression of residuals onto the
CGW index. Statistical significance at the 95% confidence level is indicated by gray
dots. The NWP region is marked by magenta boxes. All panels show temperature
tendency terms in units of °C/month.
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Figure S6. Wavenumber spectrum validation for AGCM NWP simulation. Same
as Fig. S2 but for the wave patterns shown in Fig. 3C and D. Both observations A and
AGCM simulation B show dominant wavenumber-5 structure (49.3% and 68.3% of
variance, respectively), with phases of —18.0° and —57.3°.
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Figure S7. Barotropic energy conversion associated with the winter NWP wave

train. Winter (DJF) barotropic energy conversion (CK, with ENSO signal removed)
regressed onto the winter NWP index. The yellow letter "C" marks the CGW-C center,
and the magenta box indicates the NWP region. Gray dots denote statistical significance

at the 95% confidence level.
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Figure S8. The winter atmospheric patterns associated with Northwestern Pacific
marine heatwaves. A Winter (DJF) Z200* (Z200 anomalies with ENSO signal
removed) regression onto the CGW-C index. B Winter Z200 anomalies response in the
NWP Run of forced AGCM experiment. The prescribed SSTA forcing center in the
AGCM experiment is marked by 'x'. The CGW-C region is marked by the yellow box
labeled "C", and the magenta box indicates the NWP region. Statistical significance at
the 95% confidence level is indicated by gray dots.
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Figure S9. Winter ocean mixed layer heat budget with the Circumglobal Wave
pattern in North Pacific. Same as Fig. S5 but for regressions against the CGW-C index
(see Methods) instead of the full CGW index in winter (DJF).
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Figure S10. Summer ocean mixed-layer heat budget in the North Atlantic region.
Same as Fig. S5 but for regressions onto the summer CGW index in the North Atlantic
sector. The magenta box indicates the NNA region.
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Figure S11. Differential SST persistence between NWP and NNA regions. Lag
autocorrelation of monthly SST indices for A NWP and B NNA regions. Solid lines
show observed autocorrelation functions with 95% confidence intervals (shading).
Dashed lines show AR(1) model fits with lag-1 autocorrelation o = 0.773 (NWP) and o
= 0.857 (NNA). Horizontal dash-dot lines indicate 1/e threshold, with vertical dashed
lines marking e-folding times of 3.9 months (NWP) and 6.5 months (NNA).
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Figure S12. Seasonal persistence of North Atlantic warming, driven by the
summer CGW pattern. SST* (SST anomalies with ENSO signal removed) lag
correlation with the summer CGW index across seasons: JAS(+1), SON(+3), and
DJF(+6). The magenta boxes denote the NNA region. Gray dots indicate statistical
significance at the 95% confidence level.
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Figure S13. Summer atmospheric response to North Atlantic warming in AGCM
experiment. Summer (JJA) Z200 anomalies (m) in the NNA AGCM experiment
relative to the control run. The magenta boxes indicate the NWP and NNA regions. The
black cross marks the NNA SST forcing center. Stippling indicates statistical
significance at the 95% confidence level.
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Figure S14. CGW patterns as the driver of NWP SSTA in CMIP6 multi-model
mean and 20th Century Reanalysis. A CMIP6 multi-model mean (CMIP6-MMM)
and B 20th Century Reanalysis V3 (20thC-Reav3) showing summer (JJA) Z200* (Z200
anomalies with ENSO signal removed) regression onto the NWP index. The CGW
centers (A-E), identified from Fig. 1C, are indicated by yellow labels. Statistical
significance at the 95% confidence level is indicated by gray dots.
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Figure S15. Robustness of strengthening CGW-MHW relationships to different
detrending methods. 30-year running correlations between detrended indices using A
quadratic detrending and B Ensemble Empirical Mode Decomposition (EEMD)
detrending. Top row: summer CGW-NWP correlation; middle row: summer CGW—
NNA correlation; bottom row: winter NWP-NNA correlation. Green lines show
CMIP6 multi-model mean (CMIP6-MMM) with shading indicating 95% confidence
interval, purple lines show 20th Century Reanalysis V3 (20thC-Reav3), and pink lines
show NCEP/NCAR Reanalysis 1 (NCEP-R1). Light green lines represent individual
CMIP6 models. Trend values (per century) and p-values for 1970-2014 are labeled in
each panel. Red dashed lines indicate the critical correlation coefficient at 95%

confidence level.
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Figure S16. The summer atmospheric pattern driven by ENSO forcing. Summer
(JJA) Z200 regression against the CTI (cold tongue index; multiplied by —1 for
comparison). The CGW centers (A—E), identified from Fig. 1C, are indicated by yellow
labels. The magenta box indicates the NWP region. Statistical significance at the 95%
confidence level is indicated by gray dots.
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Figure S17. Zonal wave number spectrum of the Cold Tongue Index (CTI)
atmospheric pattern. The zonal wave number spectrum is derived from meridional
wind (30°N—60°N) anomalies regressed onto the summer CTI index. The blue line
shows the spectrum averaged across the 30°N—60°N latitude band, with light blue
shading indicating the 95% confidence interval. Gray lines represent spectra at
individual latitudes within this band (2.5° intervals). Unlike the CGW pattern (Fig. S3),
the CTI-associated atmospheric response shows a broader spectral distribution with less
pronounced wavenumber-5 dominance.
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Figure S18. SST anomaly forcing used in the AGCM experiments. A The prescribed
SSTA forcing for the NWP AGCM Run experiments, with a warming anomaly with
forcing center (marked by 'x') at 42.5°N, 167.5°E, having east—west e-folding radius of
~15° and north—south e-folding radius of ~10°. The magenta box indicates the NWP
region. B The prescribed SSTA forcing for the NNA AGCM Run experiments, with a
warming anomaly centered at 45°N, 40°W (marked by 'x'), having east—west e-folding
radius of ~15° and north—south e-folding radius of ~15°. The magenta box indicates the
NNA region.



Table S1. CMIP6 Models Used in This Study. List of Coupled Model
Intercomparison Project Phase 6 (CMIP6) models whose historical simulations were
analyzed in this study, along with their configurations. All model outputs were
remapped to 1° x 1° spatial resolution for the historical period 1850-2014, using

ensemble member rlilp1fl.

Model Name Institution Atmospheric Ocean Model
Model
AWI-CM-1-1-MR  Alfred  Wegener ECHAMS6.3 FESOM1.4
Institute
AWI-ESM-1-1-LR  Alfred  Wegener ECHAMS6.3 FESOM1.4
Institute
BCC-CSM2-MR  Beijing  Climate BCC AGCM3-MR MOM4
Center
BCC-ESM1 Beijing  Climate BCC AGCM2.1 MOM4
Center
CAMS-CSM1-0 Chinese Academy CAMS.3 MOM4
of Meteorological
Sciences
CESM2-FV2 National Center for CAMG6 (FV2 grid) POP2 (FV2 grid)
Atmospheric
Research (NCAR)
CESM2-WACCM- NCAR WACCM6 (FV2 POP2 (FV2 grid)
FVv2 grid)
CESM2-WACCM NCAR WACCM6 POP2
CESM2 NCAR CAMo6 POP2
CMCC-CM2-HR4 Euro- CAM4.1 NEMO3.6
Mediterranean
Center on Climate
Change
CMCC-CM2-SR5  Euro- CAM4.1 NEMO3.6
Mediterranean
Center on Climate
Change
CMCC-ESM2 Euro- CAM4.1 NEMO3.6
Mediterranean
Center on Climate
Change
CanESM5 Canadian Centre CanAMS CanOM5
for Climate
Modelling &
Analysis
E3SM-1-0 DOE & EAM (v1.0) MPAS-Ocean



E3SM-1-1-ECA
E3SM-1-1

EC-Earth3-Veg-
LR
FGOALS-f3-L

FGOALS-g3
FIO-ESM-2-0

GFDL-CM4

GFDL-ESM4

GISS-E2-1-G-CC

GISS-E2-1-G

GISS-E2-1-H

[ITM-ESM

INM-CM4-8

INM-CMS5-0

IPSL-CM6A-LR-
INCA
IPSL-CM6A-LR

Collaborators

DOE &
Collaborators
DOE &
Collaborators
EC-Earth
Consortium
Chinese Academy
of Sciences
Chinese Academy
of Sciences

First Institute of
Oceanography
NOAA
Geophysical Fluid
Dynamics
Laboratory
NOAA
Geophysical Fluid
Dynamics
Laboratory

NASA  Goddard
Institute for Space
Studies

NASA  Goddard
Institute for Space
Studies

NASA  Goddard
Institute for Space
Studies

Indian Institute of
Tropical
Meteorology
Institute
Numerical
Mathematics
Institute
Numerical
Mathematics
Institut Pierre-
Simon Laplace
Institut Pierre-
Simon Laplace

for

for

EAM (v1.1)
EAM (v1.1)
IFS cy36r4

CAS FGOALS-f3-
L AGCM
GAMIL3

SAMIL3

GFDL-AM4.0.1

GFDL-AM4.0.1

GISS-E2.1G

GISS-E2.1G

GISS-E2.1H

[ITM-ESM-AM

INM-AM4.8

INM-AMS.0

LMDZ (6A-NH)

LMDZ (6A)

(v1.0)

MPAS-Ocean
(vl.1)
MPAS-Ocean
(vl.1)
NEMO3.6

LICOM3
LICOM3
NEMO3.6

GFDL-MOMS6.0.1

GFDL-MOMS6.0.1

HYCOM

HYCOM

HYCOM

MOM4pl

INM-OMS5

INM-OMS5.0

NEMO3.6

NEMO3.6



KIOST-ESM

MCM-UA-1-0

MIROC6

MPI-ESM-1-2-

HAM

MPI-ESM1-2-HR

MPI-ESM1-2-LR

MRI-ESM2-0

NESM3

NorCPM1

NorESM2-LM

NorESM2-MM

SAMO-UNICON

TaiESM1

Korea Institute of
Ocean Science &
Technology
University of
Arizona

Japan Agency for
Marine-Earth
Science & Tech
Max Planck
Institute for
Meteorology

Max Planck
Institute for
Meteorology

Max Planck
Institute for
Meteorology
Meteorological
Research Institute
Nanjing University
of Information
Science & Tech
Norwegian
Climate Centre
Norwegian
Climate Centre
Norwegian
Climate Centre
Seoul National
University
Academia
(Taiwan)

Sinica

KIOST-AGCM

CAM4

MIROC-AGCM

ECHAMS6.3

ECHAMS6.3

ECHAMS6.3

MRI-AGCM3.5

CAMS.3

CAM-OSLO
CAM6

CAM6

SAMO (CAM6
with Unified Conv)

TaiAM1 (CAMS.3
modified)

NEMO3.6

MOMS5

MRI.COM4.4

MPIOM1.6

MPIOM1.6 (High-

Res)

MPIOM1.6 (Low-
Res)

MRI.COM4.4

NEMO3.6

MICOM

MICOM

MICOM (Medium
Res)

POP2

NEMO3.6



Table S2. Sensitivity of correlation trends to detrending methods. Trends in 30-year
running correlations from 1970-2014 (per century) for different index pairs, datasets,
and detrending methods. Asterisks indicate statistical significance: *** p <0.001, ** p

<0.01, * p<0.05.
Dataset Index Pair

CMIP6-MMM CGW-NWP
CGW-NNA
NWP-NNA
20thC-Reavd  CGW-NWP
CGW-NNA
NWP-NNA
NCEP-R1 CGW-NWP
CGW-NNA
NWP-NNA

Linear
0.34***
0.59%%**
0.63%**
-0.03
1.04***
0.79%%*
0.12
0.45%%*
0.18

Quadratic
0.12%**
0.30%**
0.36%**
-0.89%**
0.65%**
0.47%*
0.03
(0.33%**
0.24*

EEMD
0.12%**
0.35%**
0.42%%*
-0.53#**
0.7 1%
0.62%**
-0.14
0.40%**
0.09

Note: CGW-NWP and CGW-NNA represent summer (JJA) relationships;, NWP—NNA
represents winter (DJF) relationships.
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