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America
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Wepresent a comprehensive analysis diagnosing the primary factors driving the observed changes in
major atmospheric teleconnection patterns in the Northern Hemisphere winter, including the Pacific
North American pattern (PNA), North Atlantic Oscillation (NAO), and North American winter dipole
(NAWD), with particular focus on their roles in shaping anomalous weather across North America. Our
investigation reveals a consistent influence of the NAWD over seven decades, contrasting with
fluctuating impacts from PNA and minor impacts from NAO. In particular, an emergent negative
correlation between the NAWD and PNA, signaling a shifted phase of teleconnection patterns, is
identified. Such a relationship change is traced to enhanced upper-level ridges across western North
America, reflecting a reinforced winter stationary wave. Through attribution analysis, we identify
greenhouse gas emissions as a probable driver for the northward drift of the Asia-Pacific jet core,
which, aided by orographic lifting over the Alaskan Range, subsequently amplifies the winter
stationary wave across western North America. This work emphasizes the pronounced effect of
human-induced global warming on the structure and teleconnection of large-scale atmospheric
circulation in the Northern Hemisphere winter, providing vital perspectives on the dynamics of current
climate trends.

Western North America has experienced more extreme climate events in
recent years, leading to billions of dollars in damages. For example, from
2011 to 2015, a persistent upper-level ridge in the winter mean caused
prolonged and unprecedented droughts in California and neighboring
states1–4. In 2017, the atmospheric circulation pattern flipped into an
anchoring trough in western North America, resulting in extreme pre-
cipitation and floods over California4. These weather patterns are con-
sistently linked to the North American Winter Dipole (NAWD), a ‘Ridge-
Trough’ feature that coincides with the winter stationary wave over North
America5.

Historically, the Pacific North American pattern (PNA)6 and North
Atlantic Oscillation pattern (NAO)7,8 have been the most prominent

teleconnection modes that affect the winter climate in North America9,10.
The PNA is known to influence precipitation and mountain snowpack in
northwestern North America, along with fire weather and wildfire occur-
rence in central and western North America11–13. The NAO marginally
affects the mid-latitudes of North America14–16. While the impacts of PNA
andNAOhave been studied broadly, the extent to which these atmospheric
teleconnection modes have changed over time has not been adequately
examined and attributed. In particular, their relationships withNAWDand
their changes in time have not been established.

Dynamically speaking, extreme hydroclimate events in western North
America are influenced by stationary waves due to their prolonged influ-
ences. Emerging research suggests that mid-latitude climate extremes are
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often accompanied by significantly amplified planetary-scale circulation
anomalies in the mid-troposphere that determine the spatial structure of
teleconnections17,18. The amplified stationary wave, partly driven by jet
changes, can heighten the likelihood of heat waves in western North
America and cold outbreaks in eastern North America19–21. However, it
remains to be explored how the jet streams, stationary waves, and tele-
connection modes (i.e., PNA, NAO, and NAWD) interplay and change in
time. It is also uncertain howhuman-induced climate change influences the
atmospheric circulations inmid-latitudes and teleconnectionmodes around
North America in the present and future climate22–24.

Here, we document robust changes in the patterns and inter-
connectivity of the PNA andNAWDover the past several decades. The link
between NAO and NAWD is subtler, suggesting a fluctuating yet tentative
relationship. We then unveil a plausible mechanism responsible for the
observed changes that involve the interaction of the Asia-Pacific jet and the
topography in western North America. The proposed mechanism hypo-
thesizes that greenhouse gas-induced warming and the associated poleward
shift of theAsia-Pacific jet as the origin of the observed interdecadal changes
in the atmospheric teleconnection modes.

Results
Changing teleconnection patterns and strengthening winter
stationary wave across North America
Over the last seven decades, noticeable shifts have occurred in the spatial
patterns of the wintertime (December–January–February) precipitation in
the Pacific Northwest and Northern California (Supplementary Fig. 1b,
shading) regressed against the PNA, NAO, and NAWD indices (see
Methods for calculationof indices). For theperiodof 1951–1980 (referred to
as T1 hereafter), a pronounced negative regressionwith respect to PNAwas
observedover thewesternU.S.However, this pattern reversed into apositive
regression in the recent period of 1991–2020 (hereafter T3) via a transition
periodof 1971–2000 (hereafterT2) (Fig. 1, PNA).Here,we chose 30 years as
a standard benchmark for dividing the longer timeframe.Thedivisionof the
periods into T1, T2, and T3 was conceptualized with specific climatological
phases inmind; T1 represents the past climatology, T2 serves as a transition
period, and T3 denotes the recent climatology. For the NAO, while positive
regression coefficients existed over the Pacific Northwest in the past, they

became statistically insignificant even with opposite signs in recent decades
(Supplementary Fig. 1b, NAO). On the other hand, the NAWD index
exhibits a potent influence on winter precipitation throughout the analyzed
period, with a steadfastly negative regression pattern over western North
America (Fig. 1, NAWD). Detailed chronological changes can be reviewed
in Supplementary Fig. 1b.

The patterns of circulation anomalies associated with the three
atmospheric teleconnectionmodeshave undergone systematic variations as
well (Supplementary Fig. 2). Regression patterns of the zonal mean-
removed 200-hPa geopotential height (eddies) revealed the following. (1)
The PNA regression pattern with a negative center over the central Pacific
and a positive overNorthAmerica shifted slightly eastward (Supplementary
Fig. 2a). (2) The NAO regression pattern exhibited a significant positive
trend over theAlaskan coast (Supplementary Fig. 2c) fromT1 toT3. (3) The
NAWD regression pattern retained its consistency with a positive center
near theAlaskan coast and anegative near northeasternNorthAmerica, but
the magnitude and area of the pattern became larger in T3 (Supplementary
Fig. 2b).

In the recent period (T3), a spatial correlationhas emerged between the
regression patterns of different indices: a negative association between the
PNA and the NAWD regression patterns and a weak correspondence with
the NAO in relation to recent winter precipitation (Supplementary Fig. 1b,
right column). This interconnection has strengthened over the last 70 years,
as evidenced by the more pronounced recent regression patterns obtained
from the eddy geopotential height (Supplementary Fig. 2, bottom). The
evolving interrelationships among the three atmospheric teleconnection
modes have been delineated by analyzing the 30-year sliding correlation
between each index (Supplementary Fig. 1a). While past correlation coef-
ficients between the PNA and the NAWDand those between the NAO and
the NAWD were nearly zero and insignificant, the negative PNA-NAWD
has intensified since the late 20th century (Supplementary Fig. 1a green
line), coupled with an insignificant or only a marginally significant corre-
lation of NAO–NAWD (Supplementary Fig. 1a, brown line). These time-
varying correlation results indicate that the intrinsic variability of each
atmospheric teleconnection mode used to operate more independently in
the past, but they have been interacting more closely in recent decades,
potentially amplifying their (collective) effects. It appears that the NAWD

Fig. 1 | The regressionmapbetween different atmospheric teleconnection indices
(PNA, NAWD) and precipitation during the northern winter season (DJF) for a
30-year period starting from 1951 to 2020. Regression map between different

atmospheric indices for PNA (upper), NAWD (lower), and boreal winter (DJF)
precipitation during a 30-year period (units: mmper standard deviation). The linear
trend is removed in advance. Only significant results are hatched (P < 0.05).
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teleconnection mode may have been serving as a catalyst linking the PNA
with the NAO, a previously unexplored process that is examined herein.

The systematic changes in the patterns of circulation anomalies asso-
ciated with PNA, NAO, and NAWD could be caused by those in the
background flow over North America, which is largely determined by the
location and intensity of the stationary waves. To test this idea, we analyze
how 30-year averages of 200-hPa eddy geopotential height change during
the analysis period. Figure 2a shows the time means of 200-hPa eddy geo-
potential height for 1951–1980 (T1), 1971–2000 (T2), and 1991–2020 (T3).
The most pronounced change from T1 to T3 in western North America is
the gradual development of positive eddy geopotential height anomalies to
the east of Alaska, which indicates an eastward expansion of the climato-
logical ridge centered around thewestern coast ofCanada.The strengthened
climatological anti-cyclonic circulation decreases the stationary Rossby
wavenumber25,26 in the Pacific Northwest by altering the magnitude and
meridional shape of the mean wind in that region (Supplementary
Figs. 3 and 4).

To investigate how the changes in stationary wave pattern are asso-
ciated with the interannual variability, we show the standard deviation of
eddy geopotential height (shaded) together with the anomalous eddy geo-
potential height in each period (contour) in Fig. 2b. The interannual
variability, to which the teleconnection modes have large contributions,
notably weakens in the Pacific Northwest, where the stationary Rossby
wavenumber decreases (Supplementary Fig. 4c), while keeping its magni-
tude to thewest and to the east. The changes in the regression patterns of the
teleconnection modes (Supplementary Fig. 2, bottom) align with the
observed shifts in the high-standard deviation locations to either side of the
intensified high-pressure anomaly ridge, hinting at a potential linkage
between the changes in teleconnection strength and the shifts of the winter
stationary waves. The zonally confined reduction in the stationary Rossby
wavenumberwould suppress the poleward and eastward propagation of the
stationary Rossby waves. With limited paths for stationary Rossby waves,
the patterns of different atmospheric teleconnection patternsmay be forced
to increasingly resemble each other, indicative of the jet’s role as waveguides
for the propagation of Rossby waves27.

To gain more insights into the elevated upper-level anomaly over
westernNorthAmerica, a 200-hPa eddy geopotential height anomaly index
(ZE200 anomaly index) is created by area-weighted averaging around the

positive anomaly center point (see “Methods”) along with its 30-year run-
ning mean (Fig. 2c). The multi-reanalysis datasets reveal that ZE200
anomaly index shows apronounced linear trendafter1980.To compare this
sharp incline of ZE200 with the declining trend of sliding correlation
coefficients, the 30-year sliding correlation between the PNA and the
NAWD index is recalculated for the extended period (Fig. 2d). In corre-
sponding to the intensified ridge over North America, a pronounced
negative trend is observed in the PNA-NAWD correlation, which has not
been observed in the past. This result suggests that the recent conspicuous
changes in atmospheric teleconnection modes around North America can
be largely attributable to stationary wave changes over western North
America. The changing NAO connection is omitted due to its lack of sig-
nificance in the correlations.

Potential cause(s) for the strengthening of winter
stationary waves
The stationary waves are typically organized by zonally asymmetric
forcings in mid-latitudes. Such forcings include regionally centered
diabatic heating, land-sea contrast, and topography26,28–34. So, the
strengthening of these stationary waves over the last 70 years is likely
due to a mix of all these complex things happening together. Our
study aims to identify a specific contributing factor that has recently
grown in strength and behaves like these stationary waves, as it could
offer a viable explanation for the observed changes. We are parti-
cularly interested in exploring the possibility that the influence of
terrain on the varying background flow (orographic forcing) could be
a primary driver of these changes. The large mountains are crucial in
generating planetary-scale stationary waves that set the upper-level
ridge over western North America35–40. In this context, the Alaskan
mountain ranges and the related orographic gravity wave drag are of
primary interest. Using NCEP R1 data, we calculated the interdecadal
variation of surface orographic wave drags and found that the
anomalous meridional surface gravity wave drags near the Alaskan
coast (60°N, 140°W) has increased from earlier period (T1) to recent
period (T3) (Fig. 3a, shading). This is also corroborated by the results
obtained from the more modern ERA5 dataset (Supplementary Fig.
6), thereby affirming our findings. Surface gravity waves can trigger
upward motion by mountain lifting41,42, So, it is dynamically possible

Fig. 2 | Variation of the ZE200 during the northern winter (DJF) season and
comparisonwith the corresponding correlation between PNAandNAWD. aThe
winter (DJF) mean of ZE200 (units: m) climatology (contour) and anomaly
(shading) for a 30-year period starting from 1951 and for T1, T2, and T3. The base
period is from 1951 to 2010. b As in (a), but for standard deviation (shading) and
anomaly (units: m), repeated from a, is shown in contour. c The time series for the

30-yearmean of the ZE200 anomaly index duringwinter frommulti-reanalysis data.
The winter (DJF) mean of the ZE200 anomaly index is made by 5° × 5° area average
from the high-pressure anomaly center (55°N, 115°W, red line). dRecalculate the 30-
year sliding correlation frommulti-reanalysis data. The Linear trend is removed, and
the winter (DJF) mean is applied in advance. The significance at the 99% (black)
levels is shown by the dotted line.
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that such orographic wave drags near the Alaskan range modulate
the upper-level ridge over western North America. This, in turn,
contributes to the amplitude changes of winter stationary waves.

The interdecadal variation of upward motion over the strong
meridional gravity wave drag, which demonstrated a notable increase
near 60°N reaching almost 200-hPa level (Supplementary Fig. 5c,
shading), is further analyzed. The detected changes can be accounted
for by the temperature advection, with anomalous cold advection in
the upper troposphere and warm advection in the lower troposphere
in T3, which indicates the increase of geopotential height (Fig. 3b,
shading). An additional inspection of the winter Snow Cover Extent
(SCE) over the past 54 years reveals a declining trend in the vicinity
of the Alaskan coast (Supplementary Fig. 7a), where the reduced
snow coincides with the marked increase in warm advection (see Fig.
3b, T3 shading) during the last 30 years (see Supplementary Fig. 7b),
indirectly suggesting that circulation changes in the Northeast Pacific
might have contributed to the warming and SCE decline. In contrast,
a positive anomaly in snow cover extent is seen in northeastern
North America, echoing the amplified NAWD with its eastern trough
counterpart. As a result of these processes, an increase in the upper-

level eddy geopotential height in recent decades (T3) can be achieved
(Fig. 3c, shading).

By computing the weighted area-averaged surface meridional gravity
wave drag index (VGWD) (see “Methods” for further details), we further
examined the spatial coherence of the orographic gravity wave drag. The
ZE200 and VGWD anomaly indices reveal a consistent upward trend and
increased variability over the last 70 years (Supplementary Fig. 5b). This
implies that modifications in surface orographic gravity wave drag are a
significant contributor to the intensification of upper-level ridges over
western North America. Under this setting, the interdecadal amplification
of theNorthAmerican stationarywaves appears to be barotropic, exhibiting
analogous wind circulation properties at both upper and lower levels that
could potentially impact surfacewave drag (Supplementary Figs. 8b, c). This
observation could be influenced by an increased flux of meridional wind
from the westerly jet exit. The stress exerted indeed intensifies as the near-
surfacemeridional wind, extending from the jet exit, enhance its interaction
with the mountain (Supplementary Fig. 9).

Given that the strengthened upper-level anomaly over western North
America was fortified by the northern side of the Asia-Pacific jet core
(Supplementary Figs. 10a, b), we next examined the zonal average of the jet

Fig. 3 | Changes in the 30-year mean of the eddy geopotential height vertical
structure and temperature advection attributed to meridional surface oro-
graphic gravity wave drag (VGWD). a The winter (DJF) mean of meridional
surface gravity wave drag (units: Nm�2) climatology (contour) and anomaly
(shading). b The temperature advection (units: K s�1) climatology (contour) and

anomaly (shading) from the quasi-geostrophic tendency equation. cThe zonalmean
(150–130°W) of winter (DJF) eddy geopotential height (units: m) climatology
(contour) and anomaly (shading) for a 30-year period starting from 1951 and for T1,
T2, and T3. The topography for the Alaskan range is represented in black color.
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core region (120°E–160°E).This analysis (Supplementary Fig. 10g) indicates
a progressively higher latitude with a positive anomaly difference between
T2 and T1 and an even larger difference between T3 and T1. These out-
comes further suggest that the northward shift of the Asia-Pacific jet core
has likely influenced the amplification of the upper-level ridge.

It should be noted that the jet shift and potentially corresponding
strengthened stationary waves align with increased western tropical con-
vection and warm SST (Supplementary Figs. 10c–e, h). An earlier study43

suggests that the latitudinal shifts in the jet core axis were credited to intense
tropical western Pacific convection, manifesting as a North Pacific Oscil-
lation (NPO)-like atmospheric circulation pattern. Furthermore, an inten-
sified Hadley circulation, induced by the strengthening of western tropical
Pacific convection since the 1990s, has been proposed as a possible factor
causing a northward shift of the Hadley circulation boundary and the
subtropical jet in East Asia44. However, alternative perspectives exist that
synoptic transient eddy activity could be a primary driving force in the
northward shift of the Asia-Pacific jet45,46. Complicatingmatters further, the
influence of western tropical Pacific convection activity varies according to
the specific reanalysis datasets considered (Supplementary Fig. 10f). Given
this diversity of viewpoints and the associated uncertainty, it appears that a
consensus on the core drivers of the jet stream is yet to be achieved,
underlining the need for further investigation and validation. In any case,
our findings propose that the latitudinal shift of the jet could be a funda-
mental climatological shift that modulates the variability of upper-level
atmospheric circulation over time. Also, this shift could play a role in
defining the characteristics and interrelationships of atmospheric tele-
connection modes, suggesting a compelling direction for future research to
unravel these intricate dynamics.

Previous studies highlight the perspective of Pacific heating and its
possible role in driving changes in the upper tropospheric stationary waves
over North America47–50. Thus, we studied the interdecadal changes of
diabatic heating51,52 and the corresponding Rossby wave source53 in the
winter season. During the last century, there has been a concurrent inten-
sification of the 500-hPa tropical Northwestern Pacific diabatic heating
from both NCEP R1 and JRA-55 (Supplementary Fig. 11). This intensifi-
cation aligns with the observed strengthening of upper-troposphere (200-
hPa) positive Rossbywave sources in these regions (Supplementary Fig. 12).
Therefore, it seems plausible that the enhanced forcing by both the tropical
Northwestern Pacific and the extratropical North Pacific partly explain the
amplified winter large-scale stationary waves, which supports the
mechanisms proposed by earlier studies20,47,54. Moreover, this enhanced
forcing could also foster the formation of the relationships among the
proposed atmospheric teleconnections.

CESM1-LE attribution
To validate the aforementioned results with climate model simulations, we
next examined the Community Earth System Model 1 Large Ensemble
CommunityProject (CESM1-LE) experiments55.We found thatCESM1-LE
did produce the co-variability between the ZE200 anomaly index and the
northward shift of the Asia-Pacific jet. However, the 30-year running mean
of the ZE200 anomaly index in the mean of 40 CESM1-LE members does
not align with the NCEP R1 (Supplementary Fig. 13d, black line), which is
not surprising because past variability only represents “one outcome” of the
ensemble mean. Nonetheless, CESM1-LE does suggest a northward shift of
theAsia-Pacific jet in the recent period (T3)basedon its climatological zonal
wind at 200 hPa. This trend appears to further amplify in future projections
(2031–2060; future time, TF) as the climate furtherwarms (Fig. 4a, CESM1-
LE and Supplementary Fig. 13a, c), suggesting a likely signal over noises.

We found a statistically significant linear relationship after plotting the
relationship between the CESM1-simulated northward jet shift and the
increase in 200-hPa geopotential height over westernNorthAmerica across
40 members (Fig. 4b). Based on the NCEP R1 (red cross), the result is
characterized as a much stronger geopotential height coexisted with a
northward shift of the jet. Even though the CESM1-LE ensemble means
only shows a weak amplification of the winter stationary wave, the scatter

diagram clearly demonstrates that those members exhibit a distinct corre-
spondence between northward shifts of the Asia-Pacific jet and marked
increases in upper-level geopotential height over western North America.

To identify the individual contributions of anthropogenic greenhouse
gases (GHG) and aerosol to the interdecadal northward shift of the jet, the
climatological spatial pattern and the longitudinal mean of zonal wind at
200 hPa averaged over 120–160°E (U200) are examined for all 40 members
alongwith runs in theCESM1 Single Forcing Large Ensemble Project56. The
results of GHG forcing (XAER) experiments (see methods) manifest a
strong northward intensification of the Asia-Pacific jet and a consistent
uptrend in theZE200 anomaly index.On the other hand, the aerosol forcing
(XGHG) experiments produce a more muted response (Fig. 4a, XAER,
XGHG and Supplementary Fig. 13a, c, d). The influence of individual
anthropogenic forcings is also observed in the formation of southerly winds
near the Alaskan coast, a phenomenon noted as part of the process
explaining the intensification of geopotential height in the upper tropo-
sphereoverwesternNorthAmerica (SupplementaryFig. 13b). Interestingly,
in theXAER forcing experiment, amore robust southerly anomaly develops
towards the future time period (TF), in contrast to, the XGHGexperiment’s
weakening tendency of this anomaly.

The intensification of the wintertime zonal mean westerly jet under
global warming has been well-documented57. The poleward expansion of
the Hadley circulation has been suggested as a consequence of the north-
ward migration of eddy-driven jet44,58,59. Dynamically, the warming climate
leads themid-latitude zone of baroclinicity to shift northward alongside the
eddy momentum flux convergence. This shift, in turn, influences the wes-
terly winds through eddy-mean flow interaction45,46,60. A recent study also
suggested that the enhanced SSTwarming in the extratropical North Pacific
resulting from global warming also plays a significant role in driving the
northward shift of the jet stream61. Thus, despite the complex interplay of
diverse factors influencing the latitudinal shift of the westerly jet, the pole-
ward shift of the jet under global warming appears to be robust in the
literature. This, in turn, supports the hypothesis that GHG forcing con-
tributes to the northward shift of the Asia-Pacific jet core.

To get a clear picture, we employed a joint plot of kernel density
estimation to directly compare the distribution of all ensembles for each
CESM1 experiment, concentrating on the two phenomena of interest (Fig.
5). From the historical period (T1) to the future (TF), the mean of the
distribution for both the northern side of the jet core (see methods) and
ZE200 anomaly indices in the XAER experiment shift towards a stronger
positive anomaly. Conversely, in the XGHGexperiment, they shift toward a
negative anomaly. These trends are reflected in the increasing fraction of
attributable risk values in XAER experiments (Supplementary Fig. 14),
corroborating previous experimental results. In all experiments, the linear
relationship between the two indices is maintained, and notably, this rela-
tionship becomes more distinct in the XAER experiment as we progress
toward the future (TF) compared to the All forcing experiment. This sug-
gests that the anthropogenic GHG forcing contributes to the acceleration of
the linear relationship between the ZE200 anomaly and U200 in the future.
Another noteworthy result from all CESM1-LE experiments is the
expanding variance of both the Asia-Pacific jet core’s north side and upper-
level geopotential height anomaly over time (Supplementary Fig. 14). Spe-
cifically, the F values from the T1 to TF show statistically significant. This is
in line with the previously reported increase in the variance of winter sta-
tionary waves over North America as per the future climate change sce-
narios until 2060 (see ref. 5) and the CESM1-projected variance increase62.
Our studydemonstratesnot only an increasing variability in stationarywave
patterns but also an augmented variability in the latitudinal jet core. These
results indicate a potential intensification of mid-latitude unpredicted
weather events in the future.

Notably, our findings indicate that the GHG forcing (XAER) appears
to influence recent teleconnection changes, but aerosol forcing (XGHG)
does not (Supplementary Fig. 15). Although the relationship between the
NAWD and the PNAmay not be as strong as seen in the reanalysis results,
there is still evidence of a decreasing sliding correlation coefficient tendency
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Fig. 5 | Interactions between northward Shift in the 30-year mean of Asia-Pacific
jet core and increased upper-level geopotential height over western North
America. a–c Joint plot of the northern part of the subtropical jet core (U200) and
200-hPa geopotential height eddy anomaly (ZE200) during the two periods: T1

(blue) and TF (red). The data is derived fromCESM1-LE 40members (a), XAER (b),
and XGHG 20 members (c). Two-dimensional Kernel Density Estimation (KDE) is
depicted within the box. The mean values of each distribution are represented by
blue and red dots, with the change of the mean value indicated by black arrows.

Fig. 4 | Responses of the upper-level (200-hPa) wind to changes in the 30-year
mean of ZE200 anomaly index and XAER, XGHG single-forcing run in
the CESM1. a The 30-year mean (1991–2020) of U-wind (units: ms�1) climatology
(contour) and anomaly (shading) fromNCEP-NCARR1, themean ofCESM1-LE40
members, XAER (Fixed anthropogenic aerosol forcing in 1920) 20 members, and
XGHG (Fixed anthropogenic GHG forcing in 1920) 20 members in boreal winter
(DJF). b Difference of 200 hPa geopotential height anomaly versus latitudinal jet

core difference (northern part of 200 hPa zonal wind anomaly) from the CESM1-LE
40 members (blue mark) with linear regressed line (dotted black). The calculated
values from NCEP-NCAR reanalysis 1 are indicated by red crosses. The jet differ-
ence was calculated by the weighted area average from the north part of the jet core
(30°∼ 45°N; 120°∼ 160°EÞ:The base period for the anomaly is 1951 to 2010. The
Correlation coefficient (r) quoted in (b) is statistically significant at the 95% con-
fidence level (*).
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in the XAER results, compared to the XGHG. Regardless, GHG forcing is a
crucial trigger for the aforementioned changes and should be recognized as
an indispensable factor in a future warming climate.

Discussion
In response to the greenhouse gas-induced warming, the Asian-Pacific jet
moves poleward, which provokes meridional orographic wave drags to
ascend. This lifting resulted in the development of a prominent upper-level
ridge overwesternNorthAmerica. The ridge alters the paths throughwhich
the planetary waves can propagate, affecting the patterns and inter-
connectivity of the prominent atmospheric teleconnection modes in wes-
tern North America. The circulation pattern of the PNA has shifted slightly
eastward over the central Pacific and North America. Figure 6 summarizes
themain findings of our study. The changes in circulation anomaly patterns
associated with the PNA led them to have an increasingly negative corre-
lation with the NAWD in recent decades, thus hinting an amplification
effect. With a clearer understanding of the relationship between these
atmospheric teleconnection modes, the present study elucidates how these
patterns evolve together to shapeNorthAmerica’s climate variations, which
led to a better understanding of future climate extremes and predictability
over North America under warmer climate conditions. The complex
interplays between these common climate modes cannot be overlooked.
Thus, we anticipate that further supporting analyses will unveil the nuanced
role of interdecadal variability not only in shaping low-frequency tele-
connectionmodes63,64 but also in contributing to the variability of large-scale
stationary waves and associated mid-latitude storm track dynamics65–67.

In observations, the NAWD variance has been increasing, leading to
more hydrological extremes in California4. Moreover, studies have shown
stronger variability of the NAWD in climate model simulations with
increased GHG concentrations, potentially leading to more severe drought
conditions inCalifornia1,68–70. Our results warrant investigatingwhether and
to what extent the increasing variability of the NAWDaffects the variability
of the other atmospheric teleconnection modes such as PNA in a warming
climate. From a broader perspective, systematic changes in slowly varying
large-scale atmospheric circulation have been observed in the past few
centuries and are showing apparent signals under human-induced green-
house gas forcing. These findings provide valuable insights into the intricate
interplay among tropics, mid-latitude, and Arctic regions, and can guide
future climate modeling endeavors. Certainly, the highlighted significance

of Arctic warming and its influence on atmospheric modes is increasingly
recognized, suggesting further avenues for research in this realm66,71–73.

Methods
Observational and CESM1 datasets
We used observed monthly mean of geopotential height, wind (zonal
and meridional), omega, air temperature, and surface gravity wave
stress (zonal and meridional) data for 1951–2020 from the National
Center for Environmental Prediction/National Center for Atmo-
spheric Research Reanalysis Project74 (NCEP R1), precipitation data
from the Global Precipitation Climatology Centre (GPCC)75, SST
data from the National Oceanic and Atmospheric Administration
Extended Reconstructed Sea Surface Temperature (NOAA ERSST
v5)76, and Northern Hemisphere Snow Cover Extent (SCE v1) data
from NOAA Climate Data Record (CDR)77. We further used NOAA-
CIRES 20th Century Reanalysis V278, NOAA-CIRES-DOE 20th
Century Reanalysis V379, ECMWF’s atmospheric reanalysis of the
20th century (ERA-20C)80, and ECMWF Reanalysis v5 (ERA5)81 data
to recalculate and compare the consistency of the results for 200-hPa
geopotential height eddy anomaly index (ZE200 index) and the 30-
year sliding correlation of NAWD and PNA with other data (Fig.
2c, d). The Japanese 55-year Reanalysis (JRA-55)82 was used to cal-
culate and compare the diabatic heating and Rossby wave source with
NCEP R1.

The 40 members of the Community Earth System Model 1 Large
Ensemble Community Project (CESM1 LENS) experiments in fully
coupled configuration55 were used for model data with each member
constructed using historical climate forcing up to 2005 and subsequent
projections based on the RCP8.5 scenario. Also, the 20 members of
CESM1 Single Forcing Large Ensemble Project56 were used to represent
individual roles of anthropogenic greenhouse gas (XAER) and aerosol
(XGHG) forcing responses. These ensembles employ a model config-
uration that parallels the CESM1 Large Ensemble Project in terms of the
applied forcing configuration and initialization protocol. Notably,
conditions related to industrial aerosols (AER) and greenhouse gases
(GHG) are maintained at their 1920-year conditions. Simultaneously,
all other external anthropogenic and natural forcing factors continue to
evolve under the conditions prescribed by the historical and
RCP8.5 scenarios.

Fig. 6 | Schematic representation illustrating the relationship between the
movement of the Asia-Pacific jet core and the increase in upper-level geopo-
tential height. (1) Latitudinal motion of the Asia-Pacific jet core according to the
CESM1 experiment: XAER(red), XGHG(blue), and CESM1-LE (yellow; All

forcing). (2) Meridional gravity wave drag (VGWD) caused by southerly winds
introduced by the latitudinal movement of the Asia-Pacific jet. (3) Mountain lifting
as southerly winds reach theAlaskan Range. (4) This results in a strengthening of the
upper-tropospheric ridge.
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Atmospheric teleconnection indices (NAWD, PNA, and
NAO index)
All indices utilized in this study are based on the mean of winter seasons
(December–January-February) from 1950 to 2020. The NAWD index is
calculated from the difference between the ridge and trough of the quasi-
stationary wave formed in the upper atmosphere of North America during
winter. The points for the ridge and trough are determined based on the
climatology of the winter average of the 200-hPa geopotential height eddy
from the NCEP R1 dataset, spanning the years from 1950 to 2010. After
identifying the points of the ridge (48°N, 134°W) and trough (56°N, 80°W),
the index is computed through a 5° × 5° weighted area average1. In this
research, the 200-hPa geopotential height eddy field was used in the cal-
culation of theNAWD index to deal with stationary eddy fields. The Pacific
North American (PNA) pattern index, calculated as a single measure
reflecting a linear combination of normalized geopotential height anomalies
at 500-hPa across four specific centers of action from the Pacific to North
America, is obtained using the pointwise method6. North Atlantic Oscilla-
tion (NAO) index, the surface sea-level pressure difference between the
Subtropical (Azores)High and the Subpolar Low, is taken from theNational
Oceanic and Atmospheric Administration (NOAA) climate prediction
center (https://www.cpc.ncep.noaa.gov).

ZE200 anomaly index and VGWD index
The winter (DJF) mean of 200-hPa geopotential height eddy (ZE200)
anomaly index is made by 5° × 5° weighted area average from the high-
pressure anomaly center (55°N, 115°W) over western North America. To
compare the interannual variability and the long-term trend of ZE200
anomaly index with gravity wave drag, we define a time series is created by
conducting a weighted area average of the meridional surface gravity wave
drag (VGWD) near the Alaskan range (60°N, 140°W) (Supplementary
Fig. 5b).

The northern part of the Asia-Pacific jet core (western North
Pacific jet)
Typically, Asia-Pacific jet cores are situated in the 25°-40°N latitudinal and
the 120–160°Ebox43. To examine the northward shift of the jet, the northern
edge of Asia-Pacific jet cores was area-averaged (30–45°N) (Supplementary
Fig. 10e).

Fraction of attributable risk for CESM1 output
To compare how the distribution of the 30-year average strength of the
north side of theAsia-Pacific jet core and the ZE200 anomaly index changes
from the past to the future in each of the CESM1-LEAll forcing, XAER, and
XGHG single-forcing experiments, we calculate the fraction of attributable
risk83. It is calculated using the following equation, with the probability of
exceedance of the 0.9 quantiles obtained from the past period (T1) condi-
tion. This can explain howmuch the probability of extreme cases for the two
phenomena changes.

FAR ¼ 1� Ppast

PFuture
ð1Þ

Determination of a 30-year period
As per established climatological standards, normal is typically computed
over a minimum of 30 consecutive years to capture a meaningful average.
This approach is critical in our research, which focuses on interdecadal
climatic changes. Analyzing a shorter period could potentially yield trends
that diverge from those observedover longer climatic cycles. In addition, the
division of the entire study period into T1 (1951–1980), T2 (1971–2000),
and T3 (1991–2020) were designed to reflect distinct climatological phases:
T1 as the past climatology, T2 as a transition phase, and T3 as the recent
climatology. This temporal stratification was intentionally chosen to pro-
vide a comprehensive understanding of the evolving climatic trends and
patterns, facilitating a more nuanced analysis of the data and its
implications.

Data availability
The all meteorological data utilized in this study are freely available for
download. The National Center for Environmental Prediction/National
Center for Atmospheric Research Reanalysis Project (NCEP R1) data can
be accessed at https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.
html. The NOAA-CIRES 20th Century Reanalysis V2 is available at
https://psl.noaa.gov/data/gridded/data.20thC_ReanV2.html, and the
NOAA-CIRES-DOE20thCentury Reanalysis V3 at https://www.psl.noaa.
gov/data/gridded/data.20thC_ReanV3.html. The ECMWF’s Atmospheric
Reanalysis of the 20th Century (ERA-20C) can be found at https://www.
ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-20th-century, and the
ECMWF Reanalysis v5 (ERA5) at https://www.ecmwf.int/en/forecasts/
dataset/ecmwf-reanalysis-v5. The Global Precipitation Climatology Cen-
tre (GPCC) data are available at https://psl.noaa.gov/data/gridded/data.
gpcc.html, the National Oceanic and Atmospheric Administration
Extended Reconstructed Sea Surface Temperature (NOAA ERSST v5) at
https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html, and the Snow
Cover Extent (SCE v1) data from the NOAAClimate Data Record (CDR)
at https://www.ncei.noaa.gov/products/climate-data-records/snow-cover-
extent. Additionally, the Japanese 55-year Reanalysis (JRA-55) can be
accessed at https://jra.kishou.go.jp/JRA-55/index_en.html. The Commu-
nity Earth System Model 1 Large Ensemble Community Project (CESM1
LENS) data sets are available at https://www.cesm.ucar.edu/community-
projects/lens/data-sets, and the CESM1 Single Forcing Large Ensemble
Project at https://www.cesm.ucar.edu/working-groups/climate/
simulations/cesm1-single-forcing-le.

Code availability
Analysis for this study was conducted using the NCAR Command Lan-
guage (NCL) andPython, and the source codes can bemade available by the
corresponding author upon a justified request.
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