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The driving of North American climate
extremes by North Pacific stationary-
transient wave interference

Mingyu Park 1,2 , Nathaniel C. Johnson 2 & Thomas L. Delworth 2

Wave interference between transient waves and climatological stationary
waves is a useful framework for diagnosing themagnitude of stationary waves.
Here, we find that the wave interference over the North Pacific Ocean is an
important driver of North American wintertime cold and heavy precipitation
extremes in the present climate, but that this relationship is projected to
weaken under increasing greenhouse gas emissions. When daily circulation
anomalies are in-phase with the climatological mean state, the anomalous
transport of heat and moisture causes the enhanced occurrence of cold
extremes across the continental U.S. and a significant decrease of heavy pre-
cipitation extremes in the western U.S. In a future emissions scenario, the
climatological stationary wave over the eastern North Pacific weakens and
shifts spatially, which alters and generally weakens the relationship between
wave interference and North American climate extremes. Our results under-
score that the prediction of changes in regional wave interference is pivotal for
understanding the future regional climate variability.

The occurrence of extreme weather events, such as heatwaves,
droughts, and floods, has increased substantially since the pre-
industrial period, but this trend has large regional variations1,2. An
important driver of the regional climate variability is the zonally
asymmetric atmospheric circulation, or stationary waves, forced by
the zonal asymmetries in the Earth’s surface such as the land-sea
thermal contrast and orography3–6. Because stationary waves regulate
the poleward transport of heat and moisture7–11 and influence the
storm track strength and location5,12,13, the projected stationary wave
changes in response to increasing greenhouse gas concentrations have
been highlighted as a key process for understanding how regional
climate will be shaped in future warming scenarios14–16.

The causal relationship between change in the structure of sta-
tionary waves and regional climate variability in future climate has
been explored by previous studies that analyzed a suite of compre-
hensive global climate models17–20. For instance, using simulations
from Phase 5 of the Coupled Model Intercomparison Project (CMIP5),
previous studies showed a projected increase in boreal winter pre-
cipitation over the west coast of North America due to an extension of

the Pacific jet stream18 and stronger southerly winds associated with
changes in the stationarywaves21. In addition, the drying responseover
the Mediterranean Basin is linked to changes in the stationary wave
structure over the North Atlantic19,21. Zonally symmetric forcing, on the
other hand, plays a lesser role in driving the mean precipitation
response over certain regions such as North America22.

Transientwaves inmidlatitudes can contribute to regional climate
variability on intraseasonal time scales through their interference with
climatological stationary waves. When transient waves, or daily
atmospheric circulation anomalies in this study, are in-phase with the
climatological stationary waves, they constructively interfere with
each other and amplify the atmospheric circulation. Conversely, out-
of-phase combinations of climatological stationary and transient
waves result in destructive interference10,23–25. Therefore, wave inter-
ference provides a useful and simple measure of the magnitude of
stationary waves on the daily time scale. It is most pronounced during
boreal winter when extratropical stationary waves and the associated
zonally asymmetric forcing are strongest23,26. Recent studies showed
that the boreal wintertime wave interference is driven by poleward

Received: 2 January 2024

Accepted: 13 August 2024

Check for updates

1Program in Atmospheric and Oceanic Sciences, Princeton University, Princeton, NJ, USA. 2Geophysical Fluid Dynamics Laboratory, National Oceanic and
Atmospheric Administration, Princeton, NJ, USA. e-mail: mp3238@princeton.edu

Nature Communications |         (2024) 15:7318 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-3003-2065
http://orcid.org/0000-0003-3003-2065
http://orcid.org/0000-0003-3003-2065
http://orcid.org/0000-0003-3003-2065
http://orcid.org/0000-0003-3003-2065
http://orcid.org/0000-0003-4906-178X
http://orcid.org/0000-0003-4906-178X
http://orcid.org/0000-0003-4906-178X
http://orcid.org/0000-0003-4906-178X
http://orcid.org/0000-0003-4906-178X
http://orcid.org/0000-0003-4865-5391
http://orcid.org/0000-0003-4865-5391
http://orcid.org/0000-0003-4865-5391
http://orcid.org/0000-0003-4865-5391
http://orcid.org/0000-0003-4865-5391
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51601-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51601-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51601-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51601-5&domain=pdf
mailto:mp3238@princeton.edu
www.nature.com/naturecommunications


propagating Rossby waves excited by localized tropical convection,
and they focused on understanding its linkage to the following Arctic
temperature anomalies through enhanced poleward moisture and
heat transport over the twooceanic basins10,23. They suggested that the
magnitude of Arctic warming driven by those atmospheric circulation
processes is reliant upon the zonal asymmetry in tropical diabatic
forcing27. Wave interference also impacts regional climate through
stratosphere-troposphere coupling, as interference enhances (con-
structive) or suppresses (destructive) the vertical propagation of pla-
netary scale waves that influence the wintertime stratospheric polar
vortex variability24,25,28,29. The anomalous strength of the polar vortex is
linked to the Northern Annular Mode that impacts midlatitude circu-
lation on hemispheric scales24,30,31.

A daily measure of wave interference can effectively quantify the
daily state of enhanced or weakened stationary waves over the tar-
geted region. Prior studies on the wave interference, however, have
mainly investigated its causal linkage to the Arctic climate variability.
Less focus has been placed on how the stationary-transient wave
interference directly impacts the climate variability over North Amer-
ica and how the structure of wave interference will change in future
projections, two topics with important socioeconomical implications.
In light of the above, this study utilizes both observational data and the
large ensemble of global climate model (GCM) simulations developed
by National Oceanic and Atmospheric Administration/Geophysical
Fluid Dynamics Laboratory (NOAA GFDL) to address the following
research questions:
(1) How does the interference between the climatological stationary

waves and transient eddies over the North Pacific Ocean impact
North American temperature and precipitation extremes?

(2) How does the structure and downstream impact of the North
Pacific wave interference change in a future climate projection?

In the following analysis, we show that North Pacific wave inter-
ference is a useful diagnostic for estimating the magnitude of sta-
tionary waves therein, which is tightly linked to North American
weather extremes through regulating heat and moisture advection,
and that the spatial structure of these regional impacts is expected to
change under a high greenhouse gas emissions scenario.

Results
Characteristics of North Pacific wave interference
We first focus on the characteristics of winter North Pacific
stationary-transientwave interference and its relationshipwith North
American weather extremes in reanalysis data. To identify wave
interference events, we define a North Pacific stationary wave index
(NP SWI) by projecting the daily 250-hPa streamfunction anomaly
field onto the climatological stationary waves and normalizing the
resultant time series, as in refs. 10,23 but only over the North Pacific
domain (see “Methods”). This NP SWI provides a simple metric to
identify days when the zonal asymmetry of the atmospheric circu-
lationon a regional scale is anomalously enhanced or suppressed.We
identify positive (constructive interference) NP SWI events as the
temporal peaks that exceed the threshold value of 1.0 and
are separated from each other by at least 10 days. Negative
(destructive interference) events are defined in the samemanner but
for the threshold value of −1.0. As a result, 94 constructive inter-
ference events and 90 destructive interference events are identified
during the boreal winters of 1979–2020.

Figure 1 illustrates the evolution of the upper-level circulation
anomalies for the positive and negative NP SWI events. The con-
structive interference over the North Pacific at event peak is char-
acterized by a quadrupole pattern—anticyclonic circulation anomalies
centered at the Gulf of Alaska and western subtropical Pacific and
cyclonic circulation anomalies centered at the northwestern North
Pacific and the eastern subtropical Pacific (Fig. 1B), while anomalies of

opposite sign are found for the destructive interference (Fig. 1E). The
wave activity flux diagnostics reveal two important drivers of the
Pacific wave interference: a Eurasian wave train and western tropical
Pacific convection. As shown in the circulation fields for both inter-
ference phases (Fig. 1A, D), a prominent wave train over the Eurasian
continent propagates to the North Pacific Ocean, interacting with the
stationarywaves 3 to 7days prior topeak interference. Simultaneously,
poleward propagating wave trains are excited from the central sub-
tropical Pacific nearby the jet exit region, suggesting that localized
tropical convection plays an important role in driving the wave
interference10,23,30,32. In accordancewith the decay of the Eurasian wave
train and tropical convective activity, the North Pacific wave inter-
ferencediminishes, and thewave train propagates further downstream
5 days later (Fig. 1C, F).

To further elucidate the relative contribution of planetary-scale
and synoptic-scale waves in the evolution of wave interference, we
decompose streamfunction anomaly fields into the planetary-scale
and synoptic-scale counterparts by performing a Fourier transform
(“Methods”). The result illustrates that throughout the growth and
decay of constructive interference, the planetary-scale eddy con-
tribution dominates, while synoptic-scale eddies play a relatively
minor role (Fig. S1). By constructing the NP SWI with daily planetary-
scale (or synoptic-scale) streamfunction anomalies projected onto the
climatological stationary waves, we confirmed that planetary-scale
eddy activity regulates the growth and decay in both phases of wave
interference, while synoptic-scale eddy activity further amplifies this
interference near its peak (Fig. S2). We therefore focus on identifying
the sources of planetary-scale waves that are primarily involved in
wave interference in the later subsection.

North American climate extremes associated with the North
Pacific wave interference
Next, we demonstrate that North Pacific stationary-transient wave
interference is a signature of a circulation pattern driving winter
weather extremes over a large portion of North America. Figure 2
shows anomalous occurrences of cold and heavy precipitation
extremes during interference events, where extremes are defined by
the 5th and 95th percentiles of the climatological distributions (see
“Methods”). Once wave interference reaches its peak, concurrent
changes in the frequency of occurrence of cold extremes are detected
mainly over Alaska and northwestern Canada, whereas the effects over
most of the North American region are muted. In the next pentad,
however, constructive interferencebrings awidespreadand significant
increase of cold extremes over the continental U.S. (CONUS). This
increase ismostpronouncedover the southcentral U.S. (Fig. 2C) due to
enhanced cold air advection with stronger northerly winds. These
anomalous changes have opposite signs in the case of destructive
interference (Fig. 2D).

Although the relationship with heavy precipitation extremes is
more complicated than that with temperature, wave interference is a
major driver of heavy precipitation extremes over thewestern U.S. and
Alaska. At the peakof constructive events, for example, the probability
of heavy precipitation extremes is reduced over the west coast of the
U.S., whereas Alaska and northwestern Canada experience increases of
heavy precipitation extremes (Fig. 2E). In contrast, destructive inter-
ference results in more frequent occurrence of heavy precipitation
extremes over thewestern U.S. (Fig. 2F). As anomalousmoisture fluxes
reach farther inland, the upper Midwest U.S. is more likely to experi-
ence precipitation extremes 3 to 7 days after destructive interference
over the North Pacific. In opposition to the wetter continental U.S., the
chance of heavy precipitation extremes over Alaska and northwestern
Canada is reduced. This opposite relationship between the western
U.S. and Alaska hydroclimate due to wave interference is similarly
shownby a previous studyof intensemoisture transportmodulatedby
upstream circulation anomalies33.
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For a quantitative comparison of changes in occurrences, we
examine the area-averaged changes over four different domains that
are most strongly impacted by wave interference in the present cli-
mate—(1) Alaska and western Canada and (2) CONUS are chosen for
quantifying cold extreme probabilities (Boxes in Fig. 2A, C), and (3)
western U.S. and (4) central U.S. are chosen for quantifying heavy
precipitation extremeprobabilities (Boxes in Fig. 2E,H). The results are
shown in Table S1. Consistent with Fig. 2, this table indicates that
constructive interference significantly modulates the frequency of
occurrences of cold extremes over the CONUS and heavy precipitation
extremes over the western and central U.S., with regionally averaged
extreme occurrences deviating from average by up to nearly 75% over
a period of about a week.

To demonstrate that the impacts of wave interference are distinct
from those of more commonly studied atmospheric circulation pat-
terns, we compare the area-weighted CONUS-averaged changes in
temperature extremes during wave interference events to those of the
more familiar Northern Hemisphere teleconnection patterns: the
Pacific-North American (PNA) pattern and the North Atlantic Oscilla-
tion (NAO). Perhaps surprisingly, the impact of wave interference on
North American cold extremes is stronger than that of themost widely
studied teleconnection patterns. For example, the frequency of
occurrence of CONUS cold extremes is increased by 62.5% after con-
structive interference events (Fig. 2C), whereas the negative phase of

NAO shows smaller increases (42.2%; Fig. S3C). Moreover, the PNA has
amoremodest influence on CONUS temperature extremes (−16.1% for
the positive phase; Fig. S3B) than either wave interference or the NAO.
We found that the negative phase of the PNA similarly exhibits a small
influence over CONUS on average (e.g., 12.7%), in line with a previous
finding34. Regarding heavy precipitation extremes, constructive inter-
ference considerably reduces the frequency of occurrence by 34.8% in
the western U.S., which is a slightly smaller than the decrease by the
positive PNA (−43.1%; Fig. S3D) but stronger than that by the negative
NAO (−17.5%; Fig. S3E). To explore the relationship between the indi-
ces, we computed the Pearson correlations between their DJF-mean
time series, as shown in Fig. S3F. We find that the NP SWI is not sig-
nificantly correlatedwith the NAO (r = 0.21), but with the PNA (r =0.31)
due to some overlapping circulation anomalies over the North Pacific
domain.

We additionally compare the wave interference patterns with the
circulation patterns of the four North American weather regimes
identified by cluster analysis35 to gain insight into their linkages.
Among those regimes (i.e., the Pacific Trough, Pacific Ridge, Alaskan
Ridge, and Greenland High regimes), the spatial pattern of con-
structive interference resembles that of the Alaskan ridge regime in
that both patterns are characterized by an anomalous ridge over
Alaska. However, they are also different from each other in that the
Alaskan ridge is accompanied by an anomalous trough mostly

Fig. 1 | Observed evolution of wave interference over the North Pacific Ocean.
Pentad composites of 250-hPa streamfunction anomaly (shading;m2 s�1) andwave
activity flux (green vector; m2 s�2) averaged over (A,D) lag days −7 to −3, (B, E) −2
to +2, and (C, F) +3 to +7 for (A–C) (left) constructive interference events and (D–F)
(right) destructive interference events. Stippling indicates statistical significance
(p <0.05) evaluated by Monte Carlo simulations. Variation in the western

subtropical Pacific jet is represented by the 250-hPa zonal wind anomalies over the
domain of 0–50°N and 120°E–150°W (solid black contours are positive and dashed
black contours are negative; interval is 5m s�1). Purple boxes in the second row
indicate the domain used in this study (140°E–120°W and 15°–75°N) to construct
the North Pacific stationary wave index.
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Fig. 2 | Impacts of the North Pacific wave interference on the North American
cold and precipitation extremes. Pentad composites of changes in the frequency
of occurrence (%) relative to the climatological frequency of occurrence of (A–D)
cold extremes (5th percentile of daily minimum temperature) and (E–H) heavy
precipitation extremes (95th percentile of daily precipitation) averaged over
(A, B, E, F) lag days −2 to +2, and (C, D, G, H) +3 to +7 for (A, C, E, G) (left)

constructive interference events and (B, D, F, H) (right) destructive interference
events. Stippling indicates statistical significance (p <0.05) evaluated by Monte
Carlo simulations. Boxes denote the domain of Alaska and western Canada (Red;
55°–70°N, 167.5°–107.5°W), western U.S. (Green; 30°–50°N, 126.25°–106.25°W),
central U.S. (Yellow; 35°–55°N, 106.25°–86.25°W), and continental U.S. (Purple;
30°–50°N, 126.25°–66.25°W).
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confined to the Arctic Archipelago, whereas the constructive inter-
ference pattern shows anomalous trough with a northeast-southwest
tilt that covers the continental U.S. and is connected to the eastern
subtropical North Pacific anomalies (e.g., Fig. 1B). On the other hand,
the spatial pattern of destructive interference resembles that of the
Pacific Trough regime in that both patterns are characterized by an
anomalous troughover theGulf of Alaska and ananomalous ridgeover
the subtropical North Pacific. By counting the number of weather
regimes during wave interference events, we found that the Alaskan
ridge regime occurs most frequently during constructive interference
events (42 out of 94 events), and the Pacific trough regime is most
frequent during destructive interference events (35 out of 90 events).
The frequencies of occurrence of the other regimes are approximately
20–30% during interference events, indicating that different flavors of
North American weather regimes exist during wave interference.

To show how wave interference drives these changes in heavy
precipitation extremes through changes in regional moisture trans-
port, wedisplay inFig. 3 the vertically integratedmoisturefluxes (black
vectors) overlaid onto the mean sea level pressure (MSLP) anomalies
(shading) during wave interference events. MSLP is examined because
it depicts anomalous surface winds that divert moisture fluxes. The
MSLP anomalies align well with the upper-level circulation anomalies
denoted by variations of the 250-hPa streamfunction (black contours),
depicting the equivalent-barotropic structure of the wintertime sta-
tionary waves3,16,21. Prior to the development of an anomalous ridge
over theGulf ofAlaska, an anomalous trough is locatedover the Bering
Sea and Gulf of Alaska, accompanied by narrow moisture plumes
directed toward the west coast of North America (Fig. 3A). Once the

wave interference peaks, the direction ofmoisture flux vectors quickly
shifts westward and poleward, creating a strong moisture transport
corridor towards the Chukchi Sea (Fig. 3B). In the northwestern U.S.,
this suppression of moisture transport is sustained for the next 5 days
(Fig. 3C). Thus, these anomalousmoisturefluxes induce reducedheavy
precipitation extremes over the U.S. west coast and increased pre-
cipitation extremes over Alaska and northwestern Canada (Fig. 2E, G).
The destructive interference in general shows the opposite sequence
with the enhancedmoisture transport toward theU.S. west coast at the
peak of interference (Fig. 3E, F), which collocates with the increased
heavy precipitation extremes therein (Fig. 2F, H).

Physical drivers of the North Pacific wave interference
To explain the evolution of the regional wave interference and the
associated drivers in further detail, we show the Hovmöller diagram of
tropical outgoing longwave radiation (OLR) anomalies, a proxy for
atmospheric deep convection, and the line plots of several indices that
represent potential drivers for or responses to constructive inter-
ference events (Fig. 4). Statistically significant negative OLR anomalies
west of the date line indicate that tropical convection is enhanced over
the western tropical Pacific at least 10 days before peak wave inter-
ference, while positive OLR anomalies east of the date line in tandem
indicate suppressed convection over the central tropical Pacific
(Fig. 4A). These results are consistent with stationary wave forcing by
the enhanced zonal asymmetry in tropical convection. As it takes
about 7 days for a Rossby wave train to propagate from the tropics to
high latitudes36, the onset of the wave interference at lag day −4 mat-
ches well with the theoretical timing (Fig. 4B). The time scale of the

Fig. 3 | Moisture flux during the North Pacific wave interference events in the
ERA5 reanalysis. Pentad composites of mean sea level pressure (shading) and
vertically integrated moisture flux (vector; kg m�1 s�1) anomalies averaged over
(A, D) lag days −7 to −3, (B, E) −2 to +2, and (C, F) +3 to +7 for (A–C) (left)
constructive interference events and (D–F) (right) destructive interference events.

To aid visualization, the vectors smaller than 20 kg m�1 s�1 are omitted. Stippling
indicates statistical significance (p <0.05) evaluated by Monte Carlo simulations.
The corresponding composites of 250-hPa streamfunction anomalies are overlaid
by green contours with an interval of 2 × 106 m2 s�1.
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North Pacific wave interference is about 10 days, based on its sig-
nificant growth and decay of the composite SWI for all events
(e-folding time scale of 3.8 days; Fig. 4B), which is consistentwith other
atmospheric teleconnection time scales37. Corresponding to the line-
arity in the wave interference, the opposite features are found for
destructive interference (Fig. S4A).

The eastwardpropagationof the zonal dipole structure of tropical
OLR anomalies raises the possibility that the Madden–Julian Oscilla-
tion (MJO)38, a dominant mode of tropical variability on the intrasea-
sonal time scale with a periodicity of about 30–70 days, is associated
with this distinct eastward propagation. We investigate the relation-
ship between the North Pacific wave interference and the MJO by
constructingMJOspacediagrams for the subsets ofwave interferences
based on the composites of the real-time multivariate MJO (RMM)
indices39 (Fig. S5). For the subsets of constructive interference, we
found that tropical convection related to an MJO tends to be located
over theMaritimeContinent, corresponding to phases 4–5, in negative
lags generally between −20 and −10 days, and transitions to the
boundary between phases 6 and 7 at lag 0, while the magnitude of the
MJO signal has become stronger since lag −5. In the subsets of
destructive interference, the MJO propagation tends to start from the
boundary between phases 1 and 8 at lag −10 and heads toward phase 3

at lag0, indicating that suppressed tropical convection is often located
over the western Pacific prior to destructive interference onset. These
contrasting relationships between the MJO and the two forms of wave
interference are consistent with the preceding arguments about the
role of tropical convection, although the amplitudes of the compos-
ited RMM indices are statistically significant mostly at a few days
before and after lag 0. This MJO contribution to the North Pacific
atmospheric circulation variability is consistent with the previous MJO
teleconnection studies40,41 as well as previous global wave interference
studies10,23.

On the seasonal time scale, the El Niño-Southern Oscillation
(ENSO) is the dominant mode of tropical Pacific variability, which
convectively excites atmospheric teleconnection patterns and
impacts the extratropics including the North Pacific Ocean31,42–46. The
regression of the December-to-February (DJF) mean observational
sea surface temperatures (SSTs) on the NP SWI (Fig. S6) reveals that
constructive interference and destructive interference favor the La
Niña-like and El Niño-like tropical SST patterns, respectively. This
preference of tropical SST mean state is similarly found from the
subsets of wave interference days over the analyzed period
(Table S2).

Given that an upstream Eurasian wave train is another important
precursor of wave interference, we quantify the growth and decay of
theEurasianwave train through an indexdefinedby themean lengthof
thehorizontal wave activityfluxover the Eurasian continent47, denoted
by a purple line in Fig. 4B. The Eurasian wave train first reaches sig-
nificant amplitude at lag day −6, peaks at lag day −2, and rapidly
diminishes afterwards. Together with the composite maps (Fig. 1), the
relative timing of the wave train from Eurasia to North America is
estimated to be a 7–10-day period48. To further investigate the relative
contributions of the Eurasianwave train and tropical convection to the
occurrence of constructive interference separately, we computed the
magnitude of the wave activity flux anomalies averaged over the Eur-
asian domain at the pentad of lag −3 to −7 for each constructive
interference event (“Methods”). We defined the strong and weak Eur-
asianwave train subsets as the top and bottom terciles of the resultant
values, respectively, inspired by the recent finding that the dynamical
pathways associated with climate extremes can be reasonably sepa-
rated out by taking the strength of regional Rossby wave trains into
account49. Figure 5 depicts a pronounced difference in the magnitude
of Eurasianwave trainbetween the twosubsets (Fig. 5B, F). However, in
the weak Eurasian wave train subset, it simultaneously shows stronger
positive streamfunction anomalies over thewestern subtropical Pacific
and poleward propagating wave activity flux. Thus, despite the much
weaker Eurasian wave activity flux in this subset, we found a similar
spatial structure of constructive interference over the North Pacific at
the peak and Rossby wave trains traversing North America at the
decay stage.

Given that pronounced constructive interference occurred even
in the absence of a strong Eurasian wave train precursor, it is reason-
able to hypothesize that this weak Eurasian wave train subset corre-
sponds to the events that are primarily influenced by the western
warm-pool convection (e.g., Fig. 4B).We thus further examined the lag
composites of SWI values and the western warm-pool OLR anomalies
associated with the strong and weak Eurasian wave train subsets
(Fig. S7). The results show that the weak Eurasian wave train subset is
preceded by anomalously enhanced warm-pool convection, whereas
the strong Eurasian wave train subset shows a near-average or weakly
suppressed warm-pool convection. Since there is no prominent dif-
ference in the evolution of SWI between the two subsets, we conclude
that both wave sources play a similarly important role in the occur-
rence of North Pacific wave interference. Namely, both the Eurasian
wave train precursor and warm pool convection are crucial compo-
nents of wave interference, but wave interference does not require the
occurrence of both precursors for highly amplified wave interference

Fig. 4 | Physical drivers of the North Pacific constructive interference events in
the ERA5 reanalysis. A A Hovmöller diagram showing tropical outgoing longwave
radiation (OLR) anomalies averaged over 15°S–15°N (shading) for constructive
interference events from 20 days before (bottom) to 5 days after (top) peak
interference. Black dashed lines indicate the longitudes of the western warm-pool
(90°–150°E). Stippling indicates statistical significance (p <0.05) evaluated by
Monte Carlo simulations. B Lagged composite plots of the NP SWI (red), wave
activity flux length over the Eurasian continent (30°–150°E and 15°–75°N, Eurasian
wave train; purple), normalized transient eddy forcing (orange), the westernwarm-
poolOLR anomalies (WPOLR; green), and 50-hPa zonalmeanzonalwind anomalies
(u50; pink) for constructive interference event days. Scaling has been applied to
transient eddy forcing and warm-pool OLR anomalies for visualization. Black dots
indicate statistical significance (p <0.05) evaluated by Monte Carlo simulations.
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to occur. Due to either individual or the combination of both wave
sources, theNorth Pacificwave interference intensifies, and is followed
by strong downstream propagation of wave trains toward the North
Atlantic Ocean.

Next, we examine the possible role of upper-tropospheric high-
frequency eddy forcing, which also acts to sustain the growth and
maintenance of atmospheric teleconnection37,50 patterns. This
synoptic time scale eddy forcing is defined as the magnitude of
2.5–6–day band-pass filtered eddy vorticity flux at 250 hPa averaged
over the North Pacific domain (“Methods”) and is also normalized for
its visualization. Approximately 1 to 6 days prior to the onset of wave
interference (i.e., lag days −10 to −5), synoptic-scale eddy forcing is
reduced (Fig. 4B), indicating suppressed transient eddy activity over
the North Pacific Ocean. In particular, during constructive inter-
ference, synoptic-scale eddy forcing tends to be suppressed along
the intensified jet stream and enhanced at both flanks of the jet exit
region (Fig. S8), which invokes a mechanism of upper tropospheric

eddies being trapped by the strong subtropical jet during
midwinter51. In case of destructive interference, because the sub-
tropical jet weakens and broadens, the signs of anomalies are
opposite to those in constructive interference but with similar
magnitudes, hence resulting in a very small domain-averaged value
(Fig. S4B). This result indicates the pronounced shifts in the North
Pacific synoptic-scale eddy forcing during wave interference events.
Furthermore, these shifts are preceded by the anomalous warm-pool
convection, which contributes to the evolution of anomalous
planetary-scale eddy activity associated with the North Pacific wave
interference. The compensating relationship between planetary-
scale (quasi-stationary) eddies and synoptic-scale (transient) eddies
has been thoroughly investigated by previous studies on atmo-
spheric teleconnections and energy transport8,12,32,52. As the North
Pacific interference evolves, the intensity of domain-averaged
synoptic-scale eddy forcing is restored to near its climatological
value (Fig. 4B).

Fig. 5 | Differentiation of Eurasian wave train-driven and tropical convection-
driven constructive interference events. Pentad composites of 250-hPa stream-
function anomaly (shading; m2 s�1) and wave activity flux (black vector; m2 s�2)
averaged over (A, E) lag days −12 to −8, (B, F) −7 to −3, (C,G) −2 to +2, and (D,H) +3
to +7 for the subsets of (A–D) (left) strong Eurasian wave train and (D–F) (right)

weak Eurasian wave train events during constructive interference. Stippling indi-
cates statistical significance (p <0.05) evaluated by Monte Carlo simulations. Pur-
ple boxes in the second row indicate the domain used in this study (30°–120°E and
50°–80°N) to estimate the strength of the Eurasian wave train.
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In the stratosphere, the polar vortex weakens significantly follow-
ing the peak of constructive interference. Specifically, the lag compo-
sites of the 50-hPa zonal wind anomalies at 60°N (pink line of Fig. 4B)
reveal that the slowing of the stratospheric polar reaches significant

levels 3 days after the peak of constructive interference, a result likely
owing to enhanced poleward heat flux and the associated upward wave
activity23,30. This polar vortex disruption is more clearly seen in the
vertical cross section of the zonal-mean zonal wind anomalies (Fig. S9).

Fig. 6 | Boreal winter stationary waves simulated by ERA5-reanalysis and cli-
mate models. The climatological stationary waves, shown in the 250-hPa stream-
function field, during the recent historical winters (1979/1980–2019/2020 DJF)
derived from (A) the ERA5 reanalysis, (B) SPEAR 30-ensemble-member mean, (C)
CMIP6 19-multi-model mean. For (B) and (C), the root-mean-squared error (RMSE)
of the model response against ERA5 is shown at the bottom left of the panel. The
climatological stationary waves during the late twenty-first century winters (2059/

2060–2099/2100DJF) (D) derived fromSPEAR 30-ensemble-membermean and (E)
CMIP6 19-multi-modelmean. Differences between the two epochs derived from (F)
SPEAR 30-ensemble-membermean and (G) CMIP6 19-multi-modelmean. In (F), the
differences statistically significant at the 1% level, based on a two-sided t-test, are
plotted. In (G), stippling indicates areas that 15 out of 19models agree on the sign of
the change. Its spatial pattern correlation against the SPEAR 30-ensemble-member
mean is shown at the bottom right of the panel.

Article https://doi.org/10.1038/s41467-024-51601-5

Nature Communications |         (2024) 15:7318 8

www.nature.com/naturecommunications


North Pacific stationary waves simulated by the SPEAR model
Climatological stationary waves simulated by state-of-the-art climate
models reasonably match with those in reanalysis, albeit with some
regional differences9,16,21,53. To examine the spatial structure of clima-
tological stationary waves simulated by the SPEARmodel, we compute
the modeled zonal-mean removed 250-hPa streamfunction field and
compare with that of ERA5 reanalysis (Fig. 6). The key features of the
observed stationary waves such as the quadrupole pattern over the
North Pacific Ocean and the tripole pattern over the North Atlantic
Ocean are reasonably reproduced by the model, as evidenced by the
very high spatial correlation (0.975) between SPEAR and ERA5 over the
Northern Hemisphere (Fig. 6B). We further ascertained that the evo-
lution of themodeled constructive interference in the recent historical
period is overall in agreement with the observed evolution, which is
supported by spatial correlations between ERA5 and SPEAR compo-
sites exceeding 0.89 (Fig. 7A, D, G). The growth and decay of wave
interference, as well as the preceding wave train over Eurasia and the
downstreamwave train toward theNorth Atlantic, arewell capturedby
SPEAR. This strong correspondence lends confidence in the model
representation of wave interference.

While the overall stationary wave structure is broadly similar in
the late twenty-first century (Fig. 6D), the difference between the early
and late periods reveals substantial regional changes in the structure
of stationary waves (Fig. 6F). In the North Pacific Ocean, specifically,
negative differences are found over the Kamchatka Peninsula and Gulf
of Alaska, and positive differences are located over the western sub-
tropical North Pacific and far eastern tropical Pacific, which is remi-
niscent of the extratropical response to the ENSO and suggests a
connection to changes in tropical Pacific SSTs31,42–46 and the associated
stationary wave forcing54. We explicitly show that this connection
between changes in stationary waves and tropical convection is well
simulated by SPEAR in a later section. The structural changes of sta-
tionary waves indicate that in the projected future climate, the

climatological trough and ridge in the western Pacific strengthens
while those in the eastern Pacific weaken, which have bearing on the
structure of wave interference. To demonstrate these structural
changes are not model-dependent, we further examine 19 model
simulations from phase 6 of the Coupled Model Intercomparison
Project (CMIP6; see Table S3 for specific model information)55 and
their structural changes of stationary waves between the early and late
periods (Fig. 6C, E, G). For the recent historical period (Fig. 6C), the
CMIP6 multi-model mean stationary waves reasonably reproduce the
aforementioned features of the observed stationary waves, similar to
the SPEAR model, as measured by their comparable root-mean-
squared errors. Moreover, the projected changes of stationary waves
simulated byCMIP6models reveal that climatemodels generally agree
on the structural changes of Northern Hemisphere stationary waves in
a warming climate, especially over the Pacific-North American domain
that is closely related to the occurrences of North American climate
extremes. Previous studies employing CMIP5models similarly showed
the robust model agreement on the projected changes in wintertime
stationary waves16,53. Although the inter-model spread in the magni-
tude of regional stationary wave changes is not negligible21, the var-
iance of the projected stationary wave changes across the CMIP6
models has been reduced by the half of that of the CMIP5 models,
indicating a notable improvement in CMIP656. Prompted by a great
resemblance of the projected stationarywave changes between SPEAR
and CMIP6 (i.e., pattern correlation ≈ 0.92), we argue that the SPEAR
model results are likely to reflect the general behavior of climate
models for the projected changes associated with the North Pacific
wave interference. With this in mind, we address how the structure of
wave interference changes in future projection by investigating the
evolution of the model upper-level circulation anomalies during wave
interference events in the two different epochs (Fig. 7). We focus on
constructive interference for brevity, but the findings also apply to
destructive interference.

Fig. 7 | The North Pacific constructive interference simulated by the SPEAR
model in the recent historical and late twenty-first century winters. Pentad
composites of 250-hPa streamfunction anomalies (ψ; shading) averaged over (A–C)
lag days −7 to −3, (D–F) −2 to +2, and (G–I) +3 to +7 for constructive interference
events in the (A, D, G) (left) recent historical winters and (B, E, H) (center) late
twenty-first century winters, and (C, F, I) (right) differences between the two

periods. The corresponding total 250-hPa streamfunction is overlaid by black
contours with an interval of 15 × 106 m2 s�1. Spatial correlation between the ERA5
and the corresponding SPEAR constructive interference composites at eachpentad
is denoted at the upper right corner of the left panels. Stippling indicates where at
least 80% of the ensemble members agree with the sign.
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Projected changes in the spatial structure of North Pacific wave
interference and its downstream impacts
Constructive interference in the late twenty-first century shows sub-
stantial structural changes compared to that in the recent historical
period. At the peak of interference, differences between the two
epochs are found mostly over the North Pacific Ocean, with positive
anomalies centered over the subtropical North Pacific and negative
anomalies over the Gulf of Alaska (Fig. 7F). These differences resemble
a Rossby wave train excited from localized tropical convection in the
western equatorial Pacific region44. In the following pentad, the dif-
ferences develop farther downstream with positive anomalies over
northernNorth Americaflanked by negative anomalies to thewest and
southeast, resulting in a quadrupole pattern that resembles the posi-
tive phase of the PNA pattern (Fig. 7I). The differencemap indicates an
overall eastward shift of the wave train straddling the Pacific North
America domain in the late twenty-first century and a weakened ridge
over the northwestern North America, which is associated with
reduced poleward heat and moisture transport via the Gulf of Alaska.
The composites of 2-m temperature anomalies in the later epoch
indeed show that the surface temperature response is controlled by
the weakened west-east pressure gradient over the central to eastern
North Pacific Ocean (Fig. S10). For instance, in high latitudes, con-
structive interference in the late twenty-first century produces less
warming over Alaska and less cooling over the Russian Far East and
northeastern Canada, in accordance with regional weakening of the
sea level pressure and the associated near-surface temperature
advection anomalies. In the pentad following peak interference, the
reduction of the cooling over northern North America reaches a peak,
and theU.S.WestCoast experiences anomalouswarming (Fig. S10H, I).

Projected changes in regional atmospheric circulation induce
changes in regional climate extremes1,14,57,58. Prompted by the obser-
vational result that the North Pacific wave interference leads to large-
scale spatial changes in the occurrence of theNorthAmerican cold and
precipitation extremes, we investigate how these regional climate
extremes driven by wave interference will change in late twenty-first
century. As evidenced by the model fidelity of wave interference
(Fig. 7), the SPEAR simulations of the same analyzed period reasonably
capture the spatial changes of climate extremes associated with con-
structive interference, including the decreased probability of cold
extremes over northwestern North America and precipitation
extremes over the western U.S., aswell as increased probability of cold
extremes over the continental U.S. and precipitation extremes over
Alaska (Figs. 2 and 8). Due to the removal of internal variability in the
ensemble-mean composite fields, it is more clearly seen that within a
week after constructive interference takes place, the Rossbywave train
straddling North America (Fig. 7I) extends the regions of robust
changes in cold and precipitation extremes to the central and eastern
U.S. (Fig. 8D, J). In the later epoch, however, the probability of cold
extremes influenced by the upstream constructive interference is
substantially decreased over most of North America except the
southeastern U.S. (Fig. 8A–F). The reduced cold extremeoccurrence is
consistent with changes in the structure of constructive interference
wherein the eastern flank of the ridge over northwestern North
America is amplified (Fig. 7H), and thus positive streamfunction dif-
ferences relative to the earlier epochare dominant over North America
(Fig. 7I). On the other hand, the weakened ridge over the Gulf of Alaska
(Fig. 7I) and reduced surface warming (Fig. S10I) results in the weak
reduction of cold extremes over Alaska and western Canada (Fig. 8F).

The connection between constructive interference and heavy
precipitation extremes also generally weakens in the late twenty-first
century, although this does not hold for all locations. In particular, the
enhancementof heavyprecipitationoverAlaskaandwesternCanada is
weakened (Fig. 8G–I), which is also quantitatively shown by the epoch
differenceof the area-averaged changes inprecipitation extremesover
the three domains (Table S4). Most regions of North America are likely

to experience less heavy precipitation extremes in the late twenty-first
century winters by constructive interference. Over California, how-
ever, we see a notable sign reversal to enhanced heavy precipitation
3–7 days after the interference (Fig. 8J–L), in line with the eastward
extension of the subtropical Pacific High (Fig. 7H, I) and the negative
changes of the streamfunction anomalies over the northeastern North
Pacific Ocean. These circulation anomalies indicate the zonal elonga-
tion of the Pacific jet toward the U.S. West Coast18, and consistent with
their equivalent barotropic structure21 (e.g., Fig. 3), the negative sea
level pressure changes in the Aleutian Low region result in the subse-
quently enhanced southerly advection near the surface (Fig. S10I).
Over northern Mexico, this results in an extended period with an
enhanced likelihood of heavy precipitation extremes. Overall,
Fig. 8H, K suggests that the southwestern U.S. may experience more
extreme swings between suppressed and enhanced heavy precipita-
tion extremes associated with constructive interference. Along with
the climate extreme responses, similar regional weakening in con-
vergence of eddy heat flux and moisture flux fields occurs (Fig. 7),
supporting that the reduced zonal asymmetry of stationary waves in a
warmer climate modulates the frequency of occurrences of North
American climate extremes through theweakenedpolewardeddyheat
and moisture transport.

This relationship between theNorth Pacificwave interference and
its North American impacts also operates on longer timescales. The
generally reduced southern and eastern continental cooling asso-
ciated with constructive interference holds for seasonal timescales as
it does for intraseasonal timescales (Fig. S11). Moreover, in the late
twenty-first century, the regressions of circulation anomalies overall
shift northeastward, accompanying the weakened zonal asymmetry
over the easternNorth PacificOcean. As a result, changes in the surface
temperature fields for seasonal timescales depict less cooling over
eastern Canada, resulting in the positive difference between the two
epochs (Fig. S11C, F, I).

Projected changes in the relationship between tropical convec-
tion and North Pacific wave interference
The wave interference-related circulation differences between the two
epochs, which resemble a poleward propagating Rossby wave train
(Fig. 7), suggest that these differences may be rooted in changes
in tropical convective forcing. To investigate this possibility, we show
in Fig. 9 the spatial pattern of OLR anomalies preceding constructive
interference events from the recent historical and late twenty-first
centurywinters. The composites from the early 41-year period showan
enhanced zonal asymmetry of tropical convection that entails
enhanced convection over the western tropical Pacific and suppressed
convection over the date line, consistent with observational
results10,23,32 (Fig. 4A). For a closer comparison with the observed
evolution of tropical convection (e.g., Fig. 4A), we constructHovmöller
diagrams of the SPEAR tropical OLR anomalies for both SPEAR-
simulated constructive and destructive interference events (Fig. S12).
For constructive interference, the model results reproduce the key
observed features such as negative OLR anomalies over the Maritime
Continent (i.e., 90°–150°E) at lag 0, which propagated from the Indian
Ocean at lag −20 days, and the persistence of this OLR dipole structure
from lag −7 to +3 days (Fig. S12A). During destructive interference, the
opposite features seen in observations—suppressed western Pacific
convection and enhanced central Pacific convection—are also well
reproduced by the SPEAR, although its persistence is somewhat
shorter than in the observations. From these model results, we con-
clude that the relationship between tropical convection and wave
interference is alsowell capturedbySPEAR. The spatialmaps in the late
twenty-first century period (middle column in Fig. 9) show that this
zonal asymmetry of tropical OLR anomalies associated with con-
structive interference, however, weakens by the eastward shift of the
western tropical Pacific convection and weaker suppression over the
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central tropical Pacific (Fig. 9G–I). Consistently, previous idealized
modeling studies showed that the eastward displacement of the
extratropical response to tropical Pacific convective forcing can be
induced by the eastward shift in the forcing40,44,59.

To further support that this weakened zonal asymmetry in tropi-
cal convection is indeed a primary driver of the projected stationary
wave and associated wave interference changes, we next demonstrate
that theprojectedOLRchangepattern is tied to an upper-tropospheric
circulation pattern that is consistent with the projected stationary
wave changes. Figure 10A shows the differences of DJF-mean tropical
OLR between the two epochs, a pattern that is characterized by
intensified convection over the central tropical Pacific that accom-
panies a projected enhancement of equatorial eastern and central

Pacific surface warming60. We next construct a tropical OLR index that
measures the degree to which the daily, recent historical OLR
anomalies resemble the OLR change pattern along the equatorial
Pacific (red box in Fig. 10A; see “Methods”). We then evaluate the
relationship between this OLR change pattern and upper-tropospheric
circulation in the recent historical period by calculating the regres-
sions of recent historical 250-hPa eddy streamfunction anomalies on
this tropical OLR index. The resulting regression pattern (Fig. 10B)
closely resembles the projected stationarywave pattern (Fig. 6F) in the
Pacific/North America region (pattern correlation ≈ 0.71), confirming
that the projected changes in the North Pacific stationary waves are
consistent with the Rossby wave response to the changes in tropical
Pacific convection.

Fig. 8 | Changes in the North American cold and heavy precipitation extremes
during constructive interference events for the recent historical and late
twenty-first century winters in the SPEARmodel. Pentad composites of changes
in occurrence relative to the climatological frequency of occurrence of (A–F) cold
extremes (below the 5th percentile of daily minimum temperature) and (G–L)
heavy precipitation extremes (above the 95th percentile of daily precipitation)

averaged over (A, B, G, H) lag days −2 to +2, and (C, D, J, K) +3 to +7 during
constructive interference events for (A, D, G, J) (left) the recent historical winters,
(B, E, H, K) (center) late twenty-first century winters, and (C, F, I, L) (right) differ-
ences between the two periods. Stippling indicates where at least 80% of the
ensemblemembers agreewith the sign. Boxes denote the samedomains as in Fig. 2.
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To investigate this linkage from a different angle, the DJF-mean
SST regressed against DJF-mean NP SWI for the recent historical and
late twenty-first century periods are shown in Fig. 10C, D, respectively.
In the recent historical winters, constructive interference is associated
with an increase of the western tropical SST and a decrease of the
eastern tropical SST, resembling the SST pattern during La Niña, which
is consistently found in the observation61 (Fig. S6). Furthermore,
cooling over the western North Pacific and warming over the eastern
North Pacific are reminiscent of the positive phase of Pacific Decadal
Oscillation in the North Pacific Ocean62. In the late twenty-first century,
the spatial pattern of extratropical SST regression is maintained in
general, but thatof tropical SST shows starkdifferences in that positive
regressions are displaced toward the central tropical Pacific and
intensified along the equatorial Pacific. The changed tropical SST
regressions indicate that, unlike in the present climate, interannual
variability of wave interference is tied to a weaker zonal asymmetry in
tropical forcing.

Meanwhile, although not explored in this study, it is possible that
orography and land-sea contrast also may significantly contribute to
future changes in stationary waves and stationary-transient wave
interference. For instance, previous idealized modeling studies
showed that the stationary wave response to orography forcing over
the North Pacific Ocean could be characterized by the upper-
tropospheric trough over the Okhotsk Sea and ridge over the wes-
tern subtropical Pacific3,6. In a warming climate, the strengthening of
the climatological trough and ridge in the western Pacific is simulated
by SPEAR (Fig. 6F). However, these changes in the western Pacific may
not be sufficiently induced by tropical forcing alone. We suspect that
orographically induced stationary waves may also strengthen over the
western Pacific due to stronger midlatitude upper tropospheric
westerlies21 and their interaction with orography in the projected

future. On the other hand, the stationary wave response to land-sea
contrast is expected tobe reduceddue to a fasterwarmingof land than
that of ocean. A recent study imposed a reduced land-sea contrast to
their idealized model by warming the surface and found a weakening
of stationary waves over western North America63, which is consistent
with the projected change of stationary waves. Thus, we conclude that
orography and land-sea contrast would also contribute to changes in
different regions of the North Pacific stationary waves, while their
evaluation in climate models remains for further investigation.

Discussion
In this study, we have shown that stationary-transient wave inter-
ference is a useful concept to estimate the intensity of zonally asym-
metric circulation, which impacts downstream climate extremes
through regulating the regional transport of heat and moisture. We
emphasize that during constructive interference, the probability of
cold extremes across the CONUS is substantially increased, while that
of heavy precipitation extremes over the U.S. West Coast is sup-
pressed; these effects on extremes are reversed during destructive
interference. This driving of North American climate extremes by the
North Pacific wave interference exceeds that of the well-known and
more commonly studied teleconnection patterns such as the PNA or
NAO. By leveraging large ensembles of simulations from the GFDL
SPEAR coupled climate model, we further show that the projected
changes in the spatial structure ofwave interference, corresponding to
those in the climatological stationarywaves, lead to reduced poleward
heat and moisture transport, and thus generally a weaker relationship
with North American climate extremes. These changes can be attrib-
uted to the eastward shift of tropical convection along the central
equatorial Pacific (i.e., reduced zonal asymmetry of tropical
convection).

Fig. 9 | Simulated tropical outgoing longwave radiation anomalies during
constructive interference events for the recent historical and late twenty-first
century winters in the SPEAR model. Triad composites of outgoing longwave
radiation anomalies (shading) averaged over (A–C) lag days −11 to −9, (D–F) −8 to

−6, (G–I) −5 to −3, and (J–L) −2 to 0 for constructive interference events in (Left;
A, D, G, J) the recent historical winters and (Center; B, E, H, K) late twenty-first
century winters, and (Right; C, F, I, L) differences between the two periods. Stip-
pling indicates where at least 80% of the ensemble members agree with the sign.
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The projected changes in the relationship between the North
Pacific wave interference and tropical convection are similar to the
projected changes in the ENSO teleconnection and are characterized
by an intensification and eastward displacement of the anomalous
trough over the Aleutian low and ridge over the eastern subtropical
North Pacific for the North Pacific domain31,43–46, which is reminiscent
of the circulation response to the central Pacific El Niño64. Both
responses are related to the pattern of mean tropical SST changes43,60,
the associated projected weakening of the Pacific Walker
circulation65,66, and their impacts on the Rossby wave source through
the reduced upper tropospheric divergence17. Similar to other climate
model simulations, the SPEAR simulations show larger projected
warming in the central equatorial Pacific relative to other tropical
oceans45,46. Such a change in the SST variability pattern67 would con-
sistently result in an eastward shift of the convectively active regions
(Fig. 9), and in a weakening of the eastern North Pacific stationary
waves. As shown earlier, this weakened eastern North Pacific ridge in
turn attenuates transport of heat and moisture poleward, subse-
quently altering the frequency of occurrence of North American cli-
mate extremes, which is an overall reduced impact of interference
events. Over the continental U.S., therefore, less cold extremes are
likely to be driven by constructive interference, while the western U.S.
is likely to havemore heavy precipitation extremes, consistent with its
wetter hydroclimate in future projections18,21,56,68,69.

Our finding that the projected changes in stationary waves and
wave interference are contingent upon the tropical SST trend pattern
stresses the importance ofmodel representation in this pattern of SST
evolution. The observed strengthening trend of the western warm-
pool tropical convection and the corresponding La Niña-like SST trend
pattern over the past several decades52,70,71 hitherto deviates from

projections inmost state-of-the-art coupled climatemodels, and there
are diverse but incomplete and limited theories to understand such
discrepancy in SST trends between models and observation66. As
demonstrated in this study, projected changes in the intraseasonal
variability of North American cold and heavy precipitation extremes
are sensitive to the SST warming pattern. Thus, resolving the ongoing
issue of the projected tropical Pacific SST pattern is crucial for the
simulation of North American climate extremes on the intraseasonal
time scale and likely on longer timescales as well.

The changes in the occurrence of the intraseasonal precipitation
extremes associated with wave interference will likely have significant
effects on regional hydroclimate. In certain regions such as California,
changes in the frequency of occurrence of winter storms with extreme
moisture transport can terminate a severe, multi-year drought72. For
instance, in the winter of 2016/17, a multi-year drought in California
rapidly transitioned to widespread flooding through winter storms
accompanying heavy rainfall73, which was affected by the deamplifi-
cation of the North Pacific stationary waves74 (2016/17 DJF-mean NP
SWI = −0.34, Fig. S3F). We recall that weak NP SWI boreal winters tend
to entail strengthening of the eastern North Pacific subtropical high
and weakening of the climatological ridge over Alaska and western
Canada (Fig. S11). Hence, even a small increase or decrease in the
number of heavy precipitation extremes, driven by the projected
changes in wave interference, might be critical for terminating or
maintaining drought relative to the present.

The resemblance of the North Pacific interference between rea-
nalysis and the SPEAR model simulations demonstrates model fidelity
to capture an intraseasonal variation of the zonally asymmetric
extratropical circulation. However, considering that structural
model uncertainty in the climatological stationary waves is not

Fig. 10 | Projected changes in tropical convection and their linkages to the
North Pacific wave interference from the SPEAR model. A Differences of the
SPEAR ensemble-mean tropical outgoing longwave radiation (OLR) between the
recent historical and late twenty-first century winters. Red box denotes the domain
for the tropical OLR index (15°S–15°N, 100°E–100°W; see “Methods”).
B Regressions of daily DJF 250-hPa eddy streamfunction anomalies onto the tro-
pical OLR index averaged over lags of 0–10 days (OLR index leading). The pattern

correlation of 0.71 in the upper right corner denotes that between the regression
field and the differences of 250-hPa climatological stationary waves (Fig. 6F) for the
North Pacific-North America domain (green box; 0°–75°N, 120°E–60°W). The sea-
sonally averaged and detrended sea surface temperature regressed onto the sea-
sonally averaged and detrendedNP SWI for the (C) recent historical winters and (D)
late twenty-first century winters. Stippling in (B–D) indicates where at least 80% of
the ensemble members agree with the sign.

Article https://doi.org/10.1038/s41467-024-51601-5

Nature Communications |         (2024) 15:7318 13

www.nature.com/naturecommunications


negligible16,21,56, one can still improve the representation of stationary
waves, and consequently stationary-transient wave interference, by
reducing model biases such as orographic drag9 or latent heating
biases53. Adopting a finer vertical resolution with a well-resolved stra-
tosphere may also reduce biases in both the stratospheric and tropo-
spheric stationary waves75. In the same spirit, a higher horizontal
resolution that includes more realistic orography effect and the small-
scale oceanic processes may enhance the model stationary waves6.

As an upstream wave train provides a potential predictability
pathway for temperature and precipitation extreme events over North
America48,49,76,77, a deeper understanding of the North Pacific wave
interference variability can be useful for improving the subseasonal-to-
seasonal forecasts of the North American climate extremes. Future
work will focus on analyzing retrospective forecasts for the North
Pacific wave interference variability and its downstream impact during
boreal winter.

Methods
Observational data
In this study, the fifth generation of the European Centre for Medium
Range Weather Forecasts (ECMWF) Reanalysis78 (ERA5) is used for the
observational analysis. The analyzed period spans from 1979/1980 to
2019/2020 and fromDecember to February (DJF). The daily-mean data
of zonal wind, meridional wind, 2m temperature, vertically integrated
moisture flux, and mean sea level pressure (MSLP) are obtained by
averaging four six-hourly fields with a 1.25° × 1.25° horizontal resolu-
tion. For outgoing longwave radiation (OLR), used as a proxy for deep
atmospheric convection, the daily accumulated data is obtained from
24-hourly fields. A negative OLR anomaly in the tropics, or low OLR,
indicates anomalously active tropical convection. In addition, the
global daily minimum/maximum temperature ðTmin=TmaxÞ and pre-
cipitation data from the NOAA Climate Prediction Center79(CPC),
which has a 0.5° × 0.5° horizontal resolution, are used to examine the
relationship between surface climate extremes and upstream upper-
level wave interference. Throughout this study, daily anomalies for
the variables are obtained by removing the seasonal cycle that retains
the first 10 harmonics of the calendar-day-mean values. For SST, the
ERSSTv5 data80 is used, and monthly anomalies are obtained by
removing the climatological mean.

Model data
We analyze coupled global climate model simulation data from the
Seamless System for Prediction and Earth System Research (SPEAR)
model developed by the GFDL. The SPEAR model incorporates the
recently developed component models including the AM4 atmo-
sphere model, LM4 land model, SIS2 sea ice model, and MOM6 ocean
model, alongwith parameterizations and configurations optimized for
simulating the seasonal-to-decadal variability of the climate system.
Further details can be found in ref. 81 We analyze 30-member
ensembles of the SPEAR version that has a 50-km atmospheric hor-
izontal resolution (SPEAR-MED) and a 1.0° × 1.0° oceanic horizontal
resolution with tropical refinement to 0.3°.

For comparison with the ERA5 reanalysis and computational
efficiency, atmospheric variables are regridded to a 1.25° × 1.25° hor-
izontal resolution using bilinear interpolation. To investigate how the
structure of stationary waves changes in a warming climate, we define
two different epochs—the recent historical winters (1979/1980–2019/
2020) and the late twenty-first century winters (2059/2060–2099/
2100)—by using the historical simulations forced by the observed
radiative forcing and the projections following a Shared Socio-
economic Pathway 5-8.5 (SSP5-8.5). The results are not qualitatively
sensitive to the choice of this time window (e.g., 31-year instead of 41-
year window). In this study, the historical simulations cover the period
of 1979–2014 and the SSP5-8.5 simulations cover the period of 2015 to
2100. Thus, for the recent historical winters, we combine the entire

period of the historical simulations and the first 6 winters of the SSP5-
8.5 simulations. Each ensemble member is initialized by a different
initial condition derived from a long-term control run with a 20-year
interval. Daily anomalies of the variables andmonthly anomalies of SST
are derived from individual ensemblemembers in the samemanner as
in the observational analysis. In the same manner, 19 model simula-
tions from phase 6 of the Coupled Model Intercomparison Project
(CMIP6; Table S3)55 have been used for examining the projected
changes in stationary waves.

North Pacific stationary wave index
Thedaily variability ofwave interference over theNorth Pacific domain
is measured using the following procedure, as in previous studies10,23.
We first derive a daily 250-hPa streamfunction anomaly (ψ0) by
removing its seasonal cycle that retains the first 10 harmonics of the
calendar-day-mean values (eψ). Next, a projection time series is con-
structed by the following equation:
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A daily projection value at day t, or PSW tð Þ, is obtained by pro-
jecting the daily ψ0 onto the zonal-mean removed seasonal cycle (fψ*)
for the corresponding day of the year, d. λi and θj represent long-
itudinal and latitudinal grid points at the subscripts i and j, respec-
tively. To capture the variability over the North Pacific sector only, the
projection domain is confined to 15°–75°N and 140°E–120°W. The
results are not qualitatively sensitive to the choice of the domain as
long as it includes theNorth PacificOcean. Theprojection time series is
normalized by its DJF standard deviation and mean, and then referred
to as the North Pacific stationary wave index (NP SWI). For identifica-
tion of constructive interference events, days with an NP SWI value
greater than 1.0 are first selected. Next, the temporal peaks from the
selected days are isolated from each other by at least 10 days. The
threshold of the NP SWI value smaller than −1.0 is applied for identi-
fying destructive interference events. In the same manner, we identi-
fied the positive and negative phase events of the PNA and NAO
(Fig. S3). To examine the relative contributions of planetary- and
synoptic-scale circulation anomalies to wave interference, we partition
the daily horizontal wind fields to planetary-scale (i.e., zonal wave-
numbers 1 to 3) and synoptic-scale (i.e., zonalwavenumbers equal to or
larger than 4) components through a Fourier transform decomposi-
tion. The resultant planetary-scale and synoptic-scale wind fields are
then used to compute the corresponding scale of the streamfunction.

To investigate the potential influence of long-term trends on the
lag composites of wave interference events, we conducted the same
analysis after removing interannual variability from the diagnosed
variables (i.e., subtracting each winter-mean value from daily anoma-
lies). The presented results on the intraseasonal time scale are not
sensitive to the retention of interannual and longer-term variability.

In the SPEAR model simulations, the NP SWIs for the recent his-
torical and late twenty-first century periods are computed from each
ensemble member by the same method as in observational analysis,
except that daily anomalies and the zonal-mean removed seasonal
cycle are used from the corresponding period. Furthermore, for nor-
malization of the late twenty-first century period, the standard devia-
tion andmean value from the recent historical period are used to apply
the same threshold of defining constructive and destructive inter-
ference events.

Wave activity flux diagnostics and binning analysis
To analyze wave activity propagation during wave interference events,
the anomalous horizontal wave activity flux has been computed by the
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following the equation given by ref. 82:
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W is the wave activity flux, p is (pressure/1000 hPa), U is the
magnitude of the DJF climatological basic flowwith zonal speedU and
meridional speed V , a is the Earth’s radius, ψ0 is the daily stream-
function anomaly, and (λ, ϕ) are the latitude and longitude, respec-
tively. In the composite analysis, the daily-mean W is computed by
using the lag composited ψ0 anomalies and averaging 6-hourly fluxes.

For the binning analysis based on the magnitude of a Eurasian
wave train (e.g., Fig. 5), we computed the daily time series of the
magnitude of the daily-mean W anomalies, which is defined as
follows49:

Wanom

�� ��= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðWx �Wclim,xÞ2 + ðWy �Wclim,yÞ2

q
ð3Þ

where subscript x and y indicate the zonal andmeridional components
of W at each grid point, respectively, and Wclim indicates its DJF cli-
matological value. Analogous to ref. 49, we computed the area-
averaged magnitude of the wave activity flux anomaly for the domain
of 30°–120°E and 50°–80°N, based on the composites in Fig. 1, to
capture the wave train originated from the Eurasian continent. We
selected time-averaged fields for lags −7 to −3 days to define a Eurasian
wave train precursor. Note that the results are not qualitatively
sensitive to the choice of the domain (e.g., 30°–90°E or 30°–80°N) or
time window (e.g., lag days −7 to −1). Lastly, we ranked the magnitude
of Wanom

�� �� during wave interference events, and then extracted the
top (strong Eurasian wave train events) and bottom (weak Eurasian
wave train events) terciles.

Definition of climate extremes
Climate extremes are identified by selecting days when the daily
anomaly of the variable exceeds a specified threshold of its climato-
logical distribution from the 1979/1980–2019/2020 DJF period
(3701 days). The occurrence of climate extremes is counted at each
grid point. For cold extremes, the daily Tmin anomaly and the 5th
percentile threshold are used. For heavy precipitation extremes, the
daily precipitation and the 95th percentile threshold are used, except
that all days with less than0.01mmof precipitation are excluded prior
to the calculation.

In the SPEAR model simulations, climate extremes are identified
from each ensemble member by the same method as in the observa-
tional analysis. Percentile thresholds are separately computed for the
recent historical and late twenty-first century periods to consider the
impact of global warming in the latter period.

Intensity of transient eddy forcing
The anomalous transient eddy forcing has been computed as the
2.5–6-day band-pass filtered eddy vorticity flux convergence (EVFC) at
250 hPa, which is written as follows50:

EVFC= � ∇ � ðU 0
HFζ

0
HF Þ ð4Þ

where ∇ denotes the horizontal divergence operator, U denotes the
horizontal wind vector, ζ denotes the relative vorticity, the prime
denotes the seasonal cycle removed daily anomaly, and the subscript
“HF” denotes the Butterworth band-pass filtered fields. To examine
how the intensity of transient eddy feedback varies during the
evolution of wave interference, we consider the absolute value of
daily EVFC anomalies averaged over the North Pacific domain (same as
the NP SWI domain) with area weighting (Fig. 4B).

Tropical OLR index
To determine the degree to which projected stationary wave changes
can be predicted from changes in climatological tropical convection,
we first construct an index that measures the degree to which daily
recent historicalOLR anomalies resemble the pattern of climatological
OLR changes. For each ensemble member, we project the daily OLR
anomalies from the recent historical period onto the ensemble-mean
OLR differences between the recent historical and late twenty-first
century periods within the equatorial Pacific domain (red box in
Fig. 10A; 15°S–15°N, 100°E–100°W) as follows:

POLR =
X

i

X
j
OLR λi,θj,t

� �0
*ΔOLRðλi,θjÞ ð5Þ

where POLR is a projection time series, the overbar denotes the sea-
sonal average from the ensemble mean, the delta denotes the late
twenty-first century minus recent historical periods, and the prime
denotes a seasonal-cycle removed daily anomaly. t represents each
day of the recent historical period, while λi and θj represent
longitudinal and latitudinal grid points at the subscripts i and j,
respectively.

Statistical significance test
Two-sided Monte Carlo permutation tests with 1000 random sub-
samples are performed to obtain the statistical significance in the
composite analysis83. For instance, if the number of events is N, we
randomly select N events from all DJF days and make composites. By
repeating this procedure 1000 times, a null distribution canbe derived
at each lag day, and a p value of the observed composites is evaluated
therefrom. For testing the statistical significance of a regression
coefficient, a two-sided t-test is performed.

Data availability
All data used in this study are publicly available. ERA5 reanalysis data can
be accessed from the Copernicus Climate Change Service: Data on
pressure levels (https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-pressure-levels?tab=overview) and single levels (https://
cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-
levels?tab=overview). ERSSTv5 SST data can be downloaded from
https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html. NOAA-CPC
global daily maximum/minimum temperature and precipitation data
can be downloaded from https://psl.noaa.gov/data/gridded/index.html.
Also, SPEAR Large ensemble data can be downloaded fromhttps://www.
gfdl.noaa.gov/spear_large_ensembles/. The PNA and NAO index time
series are available from https://www.cpc.ncep.noaa.gov/products/
precip/CWlink/daily_ao_index/teleconnections.shtml, while the RMM
indices are available from http://www.bom.gov.au/climate/mjo/.
Weather regime dataset is available from https://zenodo.org/records/
8165165. The CMIP6 model output can be downloaded from the fol-
lowing portal (https://esgf-data.dkrz.de/projects/cmip6-dkrz/).

Code availability
Codes to compute wave activity flux are available from https://www.
atmos.rcast.u-tokyo.ac.jp/nishii/programs/index.html. Other custom
codes are direct implementations of statistical methods and techni-
ques that are described in the “Methods” section.
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