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Projected increase in summer heat-dome-like stationary waves
over Northwestern North America

Ziming Chen®'®, Jian Lu@®'®, Chuan-Chieh Chang

!, Sandro W. Lubis' and L. Ruby Leung

Heat-dome-like stationary waves often lead to extreme heat events, such as the unprecedented heatwave in Northwestern North
America during the summer of 2021. However, future changes in summer stationary waves over Northwestern North America and
the underlying driving factors remain unclear. Here, we investigate the projected changes in the anticyclonic stationary wave
circulation over Northwestern North America using data from the Coupled Model Intercomparison Project Phase 6 and diagnose
the circulation changes using a stationary wave model. Our findings reveal a significant 95% increase in the summer stationary
wave amplitude over Northwestern North America under the high-emission scenario in 2080-2099 relative to 1995-2014. The
response is mainly driven by the diabatic heating changes over the tropical Pacific which induce a Rossby wave source in the
northeastern tropical Pacific, and further supported by a northward expanded waveguide in North America, both enhancing wave
activity flux into the Northwestern North America. The heat-dome-like stationary wave anomaly is expected to heighten the

heatwave risk over the region.
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INTRODUCTION

Stationary waves are large-scale atmospheric circulation anoma-
lies on monthly or longer time scales'™. Stationary waves play an
important role in shaping the regional climate and are responsible
for many extreme weather events®>°. For example, an unprece-
dented heatwave in the Northwestern North American region in
the summer of 2021%7 was associated with an anomalous
anticyclonic (or heat-dome-like) circulation in the mid-upper
troposphere’~'%, which resulted in ~1000 deaths and numerous
wildfires>'2, The 1988 drought over the central United States
and the catastrophic 2003 European heatwave were also
associated with abnormal stationary waves in the upper tropo-
sphere>'3-1°, Hence understanding and predicting the future
changes in stationary waves are of critical importance.

Much attention has been given to the future projections of
wintertime stationary waves because of their relatively large
magnitude’17-22, |n general, an equivalent-barotropic response
of stationary waves and an eastward phase shift are seen during
the boreal winter with increasing carbon dioxide (CO,) concentra-
tion%31921 Under high-emission scenarios, the wintertime sta-
tionary wave circulations at mid-high latitudes in the Northern
Hemisphere are projected to be weakened to ~15-30% of the
present-day climatology?. Compared to the changes in the
wintertime stationary waves, the response of the summertime
stationary waves has received less attention>>23?%, During boreal
summer, the stationary wave circulation is projected to weaken in
the tropics (30°5-30°N)2. This weakening is associated with an
increase in moisture content and moist static energy (MSE) over
the ocean due to tropical sea surface temperature (SST) warming,
which reduces the land-sea MSE contrast and weakens the
stationary wave circulation®*-28, In addition, the projected decrease
in zonal SST gradient over tropical Pacific contributes to the
weakening of stationary wave intensity in the subtropical
subsidence area by weakening the tropical overturning circula-
tions?24, On the other hand, warming of land surface temperature

enhances the MSE thermal maximum and convective activity over
land, which strengthens the stationary wave circulations. This
effect partly offsets the impact of tropical SST warming by
modulating the land-sea MSE contrast?%3°,

Unlike the tropics, the responses of the summertime stationary
waves in the mid-latitudes (around 45°N) are different. In the
upper troposphere over Northwestern North America, the
probability of heat-dome-like anticyclonic circulation is projected
to increase under the high-emission scenario®. But the projected
increase in the probability is weak based on single-model
ensemble dataset’. Nonlinear interactions between the upper-
level stationary wave circulation and the soil moisture deficit
would further increase the severity of heat extremes in the
region®'%31, About 40% of the extreme temperature anomaly in
the 2021 Northwestern North America summer heatwave can be
explained by the soil moisture-atmosphere interaction®.

Despite the extensive research on the impact of stationary
waves on heat extremes, the projected changes in stationary wave
circulation over Northwestern North America and the underlying
driving mechanisms remain unclear. Here, focusing on the
projected changes in stationary wave circulation over North-
western North America, we identify the dominant physical
processes driving those changes. Our findings reveal a robust
strengthening of the anticyclonic circulation in the upper tropo-
sphere by the end of the 21°* century under the intermediate and
high emission scenarios. Using a stationary wave model and
utilizing Rossby wave ray tracing, the enhancements of the
stationary wave can be attributed to the increase in diabatic
heating over the tropical Pacific. By unraveling the dominant
underlying dynamical mechanisms, we gain a better under-
standing of the cause of the projected changes in the stationary
wave circulation and their implications for future heatwave
changes.
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RESULTS

A robust enhancement of anticyclonic stationary wave over
Northwestern North America

To quantify the intensity of the anticyclonic stationary wave
circulation over Northwestern North America, we define an eddy
meridional wind dipole index as the difference in eddy meridional
wind at 200 hPa between the western and eastern flanks of the
anticyclonic circulation (boxed areas in Fig. 1a). Increasing trends
in the dipole index are found in both the reanalysis dataset
(1979-2018) and historical simulations of 26 CMIP6 models
(1979-2014; Table S1), with statistical significance levels of 2%
and 0.1% based on the nonparametric Mann-Kendall test (Fig. 1b).

The intensity of the anticyclonic stationary wave circulation over
Northwestern North America is projected to continue to increase
in the future. To illustrate the integrated characteristics of the
large-scale circulations over North America in the future, we show
the projected changes of the eddy meridional wind and eddy
stream function for 2080-2099 under the high-emission Shared
Socio-economic Pathways (SSP) 5-8.5 scenario (Figs. 1a and 2a-d).
Compared to 1995-2014, robust positive and negative anomalies
of eddy meridional wind at 200 hPa are found over northwestern
and midwestern North America, respectively (Fig. 1a). More than
70% of the 26 climate models show agreement on the signs of
meridional wind changes in both boxed areas (white dots in Fig.
1a). Correspondingly, a robust positive eddy stream function
anomaly is found over Northwestern North America (Fig. 2c). This
feature is relatively robust (as indicated by the white dots) and is
accompanied by a positive eddy stream function anomaly over
the northeast Pacific in the lower troposphere (Fig. 2d). To
quantify the projected enhancement of the anticyclonic stationary
wave, we calculate the relative percentage increase in the dipole
index increase during 2080-2099 with respect to its mean state
value in 1995-2014. The dipole index is projected to increase by
95% (with £1-time inter-model standard deviation range from
-36% to 226%) during 2080-2099 under the SSP5-8.5 scenario
(Fig. 1b). Compared to previous projections based on CMIP5
models?, our results based on CMIP6 models show a better
agreement for the enhancement of the upper tropospheric
stationary wave circulation over the Northwestern North America
region.

Unlike Northwestern North America, a weakening subtropical
high is projected over the North Pacific. Furthermore, similar to
the response noted in previous studies focusing on the wintertime
stationary waves??, marked eastward shifts of cyclonic and
anticyclonic circulations are seen over the northeastern Pacific in
the upper and lower troposphere, respectively (Fig. 2c, d). The
eastward shifts would strengthen the anticyclonic circulation over
Northwestern North America, as the eastern flank of the cyclonic
circulation system at 200 hPa over the northeastern Pacific
increases the positive anomaly of eddy meridional wind over the
western coast of Northwestern North America (Fig. 2a, c).

To demonstrate the dynamical control of stationary waves on
the heat extremes, we regress the detrended anomalies of
summer daily maximum temperature (Tmax) onto the detrended
anomalies of the dipole index from 1979 to 2014 in the reanalysis
dataset (Fig. 1c). The results show a significant positive anomaly of
Tmax over Northwestern North America, suggesting that a
stronger anticyclonic stationary wave circulation over North-
western North America leads to a higher Tmax. Similar regression
pattern of Tmax against the detrended dipole index is also
obtained for the future climate (from 2050 to 2099) under both
high-emission (Fig. 1d) and intermediate-emission (SSP2-4.5,
Supplementary Fig. 1) scenarios. These results indicate a strong
association between a more intense anticyclonic circulation and a
higher Tmax over Northwestern North America in both the
present-day climate and the projected warmed climate, via large-
scale subsidence which would lead to cloud-free condition and
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persistent downward shortwave radiation32. This is further
corroborated by the significant correlation between the dipole
index and the Tmax averaged over Northwestern North America
across models (Fig. 1e and Supplementary Fig. 1c). Hence the
projected strengthening of the stationary wave circulation over
Northwestern North America will strongly influence the local
extreme heat events.

Given the significant impact of the enhanced stationary wave
circulation on positive temperature anomalies in Northwestern
North America, we are motivated to investigate the physical
mechanism behind the stationary wave response in the CMIP6
models. To this end, a series of idealized experiments are
conducted by using a stationary wave model®, followed by a
diagnostic analysis (Supplementary Table 3). A zonally varying
control (CTRL) state is obtained by prescribing a zonally
asymmetric basic state and forcing it with three-dimensional
diabatic heating and transient eddy forcings derived from the
historical simulations of the CMIP6 models during 1995 to 2014.
To simulate the projected stationary wave circulation of the CMIP6
climate models under the SSP5-8.5 scenario during 2080-2099, we
prescribe the same basic states as in the CTRL run, while forcing it
with the projected asymmetric forcings (the resulting solution is
referred to as PROJ).

The CTRL run reproduces the mean states of the upper- and
lower-level stationary wave circulation simulated by the CMIP6
models reasonably, while a southeastward bias of eddy meridional
wind at 200 hPa over North America is found compared to the
reanalysis dataset (Supplementary Fig. 3). Contrasting against
CTRL, the PROJ run is intended to capture the stationary wave
response of the comprehensive climate models using the
idealized dry stationary wave model and attribute the response
to different forcing mechanisms. Comparing the right and left
columns in Fig. 2, the PROJ run of the stationary wave model can
roughly capture the projected anticyclonic stationary wave
circulation anomaly over the Northwestern North America in the
CMIP6 multi-model mean (MMM), although considerable differ-
ence is apparent between the stationary wave model and CMIP6
MMM. The pattern correlation coefficient (PCC) and root-mean-
square error (RMSE) of the eddy stream function at 200 hPa
between the CMIP6 MMM projection and the PROJ run of the
stationary wave model are 0.84 and 2.81 x 10° m? s, respectively
(Fig. 29). The stationary wave model exhibits even higher skill in
simulating the response at 850 hPa, with a PCC of 0.95 and a RMSE
of 0.59x10° m? s=' (Fig. 2h). The better performance of the
stationary wave model in the lower troposphere can be attributed
to the projected diabatic cooling over the northeastern Pacific
(Supplementary Fig. 8c), which triggers an anomalous anticyclonic
circulation over western North America®?, in line with the Gill's
model solution3®. Unlike the eddy stream function anomalies, the
anticyclonic anomalies at 200 hPa over the North American
continent exhibit a southeastward shift and an exaggeration in the
PROJ run relative to the CMIP6 MMM. These limitations may stem
from the southward and southeastward biases in the westerly jet
and eddy meridional wind over the western contiguous U.S. in the
CTRL run of the stationary wave model, respectively (Supplemen-
tary Figs. 3 and 9). These discrepancies may also arise from the
complex interplay between the transient eddies, stationary waves,
and diabatic heating within the CMIP6 models, which cannot be
fully captured by the stationary wave model.

The dominant role of diabatic heating over tropical Pacific

To better delineate the relative importance of the different drivers
of the stationary wave response, the relative contributions of the
diabatic heating and transient forcings are examined through a
series of sensitivity runs: diabatic heating run, transient vorticity
(TF,) run and transient divergence (TFp) run (Supplementary Table
3). In each experiment, the forcing of interest is fixed at its
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Fig. 1 Changes in the upper-tropospheric circulation pattern and its impact on the summer daily maximum temperature (Tmax) over the

Northwestern North America. a The projected changes of the eddy meridional wind at 200 hPa during the boreal summer (June to August) in
2080-2099 relative to 1995-2014 under SSP5-8.5 (units: m s~'). b The dipole index of the eddy meridional wind anomaly (units: m s~'). The
dipole index is defined as the difference between the western (43°N-58°N, 120°W-140°W) and eastern (43°N-58°N, 90°W-110°W) areas
indicated by the black dashed boxes in (a). The yellow line shows the time series of the dipole index anomaly in the fifth-generation
atmospheric reanalysis of the European Centre for Medium-Range Weather Forecasts (ERA5), while the black and red lines show the historical
and projected time series, respectively, simulated by 26 CMIP6 models under the SSP5-8.5 (see Data and Methods). Shading represents the
range of £1 standard deviation across models. The linear trend of the dipole index and the nonparametric Mann-Kendall significance level for
ERA5 and historical simulations are also marked. ¢ Regression of the detrended daily maximum temperature (Tmax) anomaly onto the
detrended and standardized dipole index in the ERA5 from 1979 to 2018. d The projected changes in detrended Tmax regressed onto the
standardized projected changes in the detrended dipole index from 2050 to 2099 under SSP5-8.5 scenario. After detrending Tmax and the
dipole index, we calculate the regression for each CMIP6 model and compute the multimodel mean. e The intermodel scatter between the
changes in the dipole index and Tmax averaged over Northwestern North America (black dashed box in (b, ¢)) between 2080-2099 and
1995-2014. A regression line obtained by the least squares method is also shown, with the correlation coefficient and significant level marked
at the top of the panel. The white dot in (a-d) indicates regions where at least 70% of the models agree on the sign of the projected change or
the regression coefficient. Hatching in (c) indicates the regression coefficients are significant at the 90% confidence level of Student’s t-test,
while hatching in (d) indicates the regression coefficients in more than half of the models exceed the 90% confidence level of the Student’s t-
test.

historical values, while all other forcings are the same as the PROJ
run to account for the possible interaction among different
forcings®. The contribution of the forcing of interest can thus be
isolated as the difference between the PROJ and sensitivity runs.

Published in partnership with CECCR at King Abdulaziz University

The results show that diabatic heating dominates the projected
changes of eddy meridional wind and eddy stream function at
200 hPa, with PCC values of 0.98 and 0.99 between the response
due to diabatic heating and that in PROJ run, respectively, while
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vorticity forcing only partly offsets the diabatic heating effect
(Fig. 3 and Supplementary Fig. 4). Similar cancellation effect of
vorticity forcing can be found at 850 hPa (Supplementary Fig. 5).

Given the significant impact of diabatic heating, it is important
to isolate its dominant sources. Further experiments driven by the
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diabatic heating from different broad regions, including the
tropics (20°5-20°N), northern subtropics (20°N-40°N), and mid-
high latitudes (40°S-70°N) are conducted. The results show that
both tropical and subtropical diabatic heating contribute equally
to the projected stationary wave responses over Northwestern
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Fig. 2 Projected changes in the boreal summer stationary wave by the CMIP6 models and the stationary wave model. a, b the CMIP6
projected changes in the eddy meridional wind at 200 hPa and 850 hPa in 2080-2099 relative to 1995-2014 under SSP5-8.5, respectively
(units: m s~ ). Similarly, (c, d) depict the CMIP6 projected changes in the eddy stream function (units: 10° m? s~'). The solid and dashed
contours in (¢, d) represent the climatology for the period of 1995-2014. The white dots denote consistent sign of projected changes across
>70% of the models. e-h correspond to (a-d), respectively, but for the responses obtained from the projection run of stationary wave model
(PROJ; Supplementary Table 3). The solid and dashed contours in (g, h) represent the climatology of the eddy stream function in the control
run of stationary wave model (CTRL). The white dots denote a response that exceeds the noise of stationary wave model (see Methods). The
pattern correlation coefficient (PCC) and root-mean-square error (RMSE) between the CMIP6 projected changes and the stationary wave

model responses are indicated in the top-right corner of (e-h).

North America (Supplementary Figs. 6 and 7). Further disaggre-
gating the tropical and subtropical forcings into smaller sub-
regions for the stationary wave model experiments, we find that
the diabatic heating in the tropical Pacific emerges as the most
predominant driver for the aforementioned stationary wave
feature in the upper troposphere (PCC = 0.87; Fig. 4a), while the
diabatic heating localized to the North American continent
(PCC=0.33) and the diabatic heating from the north Atlantic
(PCC=0.53) only contribute secondarily (Fig. 4).

The contribution of wave source over the tropical Pacific

Diagnosis using the stationary waves model reveals the dominant
role of the tropical Pacific heating in driving the enhancement of
the stationary waves over Northwestern North America at the end
of the 21° century. However, the tropical Pacific exhibits broad
regions of both positive and negative diabatic heating changes
(Fig. 49 and Supplementary Fig. 8), which may have different
impacts on stationary waves over the Northwestern North
America region. This motivates us to further explore the under-
lying teleconnection mechanism that links the tropical heating to
the projected changes in the stationary wave over Northwestern
North America.

Considering that Rossby waves propagate along the waveguide
of the westerly jet®53”, we compare the waveguide effect on
Rossby wave propagation between the future climate and the
present-day climate simulated by the CMIP6 models, as measured
by a stationary zonal wavenumber defined on the Mercator
projection (Fig. 5a; See Methods). In the present-day climate, a
high stationary zonal wavenumber tongue is seen over the
tropical northeastern Pacific (black dashed box in Fig. 5a). Here
waveguide is defined as the region with positive stationary
wavenumber, following Hoskins®’. In a changing climate, the
stationary wave number over the United States is projected to
increase, suggesting that the extent of the waveguide will expand
(blue box in Fig. 5a). Since the waveguide is closely related to the
location of the westerly jet®’, the expansion of the waveguide over
North America is linked to the poleward shift of the westerly jet
(Supplementary Fig. 9a), which has been found to be a robust
feature of the projected westerly wind change over the eastern
Pacific-North America sector during the boreal summer®. The
expansion of the waveguide there favors a more northward
propagation of Rossby waves into Northwestern North America
under the changing climate (Fig. 5b).

In addition to the waveguide expansion above, the wave source
is projected to increase robustly over the tropical northeastern
Pacific (negative values in the black dashed box of Fig. 5¢c, see
Methods), primarily due to the increase in diabatic heating over
the tropical Pacific. The mid-to-upper troposphere exhibits a
pronounced enhancement of diabatic heating over the tropical
and northern Pacific, which dominates the projected changes in
the vertically integrated diabatic heating changes (Supplementary
Fig. 8). The pronounced increase of diabatic heating over the
eastern equatorial Pacific (0°-10°N, 150°W-90°W; yellow box in
Supplementary Fig. 8) and decrease over the tropical northeastern
Pacific (10°N-25°N, 120°W-90°W; gray box in Supplementary Fig.
8) result in anomalous easterly and westerly winds at 200 hPa over
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the tropical northeastern Pacific, giving rise to a positive
divergence anomaly (Supplementary Fig. 9a).

Since the Rossby wave source is associated with divergent flow
and absolute vorticity (See Methods), the positive divergent flow
anomalies will then lead to an enhancement of the wave source.
To identify the impact of divergent flow on the wave source and
the teleconnection that links the tropical Pacific heating to the
stationary wave changes over Northwestern North America, we
show the projected changes of wave source and the relative
contribution of divergent flow and absolute vorticity (Supplemen-
tary Fig. 10; See Methods). By sign convention, a negative anomaly
of V - (vy€) corresponds to a positive Rossby wave source
anomaly in the Northern Hemisphere, and vice versa®. For the
projection period under the SSP5-8.5 scenario, the divergent flow
shown in Supplementary Fig. 10 contributes to the enhancement
of the wave source over the tropical northeastern Pacific (Fig. 5c).

As a result of both the waveguide expansion (Fig. 5a) and the
enhanced wave source (Fig. 5¢c), more northward wave activity flux
is found over the Pacific coast of the United States under the
changing climate (vectors in Fig. 5¢). This enhanced wave activity
flux feeds into Northwestern North America, helping the buildup
of the anticyclonic circulation there. These diagnostic results from
the CMIP6 model simulations are consistent with the wave
behavior in the stationary wave model forced by the tropical
Pacific heating (cf. Supplementary Figs. 9 and 11), demonstrating
the robustness of the physical mechanism.

DISCUSSION

Heatwaves are often associated with heat-dome-like stationary
wave circulations in the upper troposphere>®'°, For example, an
unprecedented heatwave hit Northwestern North America from
late June to early July in 2021, causing severe regional impacts on
the society and ecosystem®®, Understanding the projected
changes of heat-dome-like stationary wave circulation is crucial
for adapting to and mitigating the impacts of future heatwaves. In
this study, we find that the heat-dome-like stationary wave
circulation in the upper troposphere over Northwestern North
America is projected to double (~95%) in magnitude by the end of
the 21°* century under the high-emission scenario. Sensitivity
experiments using the stationary wave model isolate the diabatic
heating from the tropical eastern Pacific as the dominant driver.
The dipole changes in diabatic heating over the tropical eastern
Pacific lead to an enhancement of the wave source over the
tropical northeastern Pacific, triggering amplified Rossby waves
that propagate towards Northwestern North America, with
assistance from a poleward expanded waveguide. Similar
dynamical processes can be captured by the idealized model
forced by the tropical diabatic heating, providing a dynamical
rationale for the confidence in the future increase of heat-dome-
like stationary wave circulation over Northwestern North America.

We find a noticeable projection uncertainty in the projected
changes of the stationary wave circulation. To investigate the
potential sources of this uncertainty, we compare the changes in
the eddy meridional wind at 200 hPa and vertically averaged
diabatic heating, and the relative SST warming projected by the
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Eddy Meridional Wind Response at 200 hPa in Stationary Wave Model
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Fig. 3 The stationary wave model response of eddy meridional wind at 200 hPa to different forcings. The response is contributed by (a)
diabatic heating, (b) vorticity, (c) divergence, and (d) non-linear effect. The pattern correlation coefficients (PCCs) and root-mean-square errors
(RMSEs) between the response of the PROJ run of the stationary wave model and that to specific forcing as isolated via sensitivity runs are
indicated in the top-right corner. The white dots denote a response that exceeds the noise of stationary wave model (see Methods).

models with increasing and decreasing dipole index, respectively
(Supplementary Fig. 12). A positive anomaly of diabatic heating
over the tropical Pacific is found in the model group with
increasing dipole index, while the increase of heating is much
weaker in the model group with decreasing dipole index. Hence
the projection uncertainty in the stationary wave circulation over
Northwestern North America may be closely related to uncertainty
in the projected changes in tropical diabatic heating.

The projected change in tropical diabatic heating is likely
related to tropical air-sea interactions under the influence of
increasing greenhouse gas forcing, particularly the El Nifo-like
warming in the eastern equatorial Pacific*®. Our results show
that the El Nifio-like warming pattern would enhance the tropical
diabatic heating in the projection (Supplementary Fig. 12b).
During the boreal summer, the enhanced equatorial warming
extends equatorward, resulting in expansion of the eastern Pacific
Intertropical Convergence Zone®*#%*! and the equatorial heating
anomalies shown in Fig. 4g. Therefore, the ultimate source of the
anticyclonic stationary wave response of Northwestern North
America can be traced back to the change in the coupling of the
ocean-atmosphere system, which remains an important source of
uncertainty?®®?=*_In addition, local nonlinear interactions
between soil moisture and atmospheric circulation can enhance
the anticyclonic stationary wave circulation and heatwaves as
found for the case of the Northwestern North America heatwave
in the summer of 202131, Further studies are needed to
determine the relative contributions of tropical diabatic heating
resulting from atmosphere-ocean coupling and local land-
atmosphere feedback to the projected changes in heat-dome-
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like stationary wave circulation and heatwaves over Northwestern
North America.

At the intraseasonal scale, we further analyze the daily outputs
from CMIP6 models and find a significant increase in the
frequency of occurrence of the positive dipole index during the
boreal summer in 2080-2099 under the SSP5-8.5 scenario,
compared to 1995-2014 (Supplementary Fig. 13). Interestingly,
the robust increase is not found in other seasons. These suggest
that we would experience more intense and frequent heat-dome-
like weather patterns during the boreal summer over North-
western North America in the future.

In summary, our study demonstrates a robust enhancement of
anticyclonic stationary wave circulation over Northwestern North
America across the CMIP6 models. Although the underlying cause
of the robust changes in the stationary wave circulation remains
to be understood, it is likely tilting the circulation distribution over
Northwestern North America to be more favorable for heatwaves,
thereby amplifying the mean warming effect of the increasing
greenhouse gases. Further studies are needed to explore the
stationary wave response and the associated effects over other
regions.

METHODS

Data

This study used the monthly and daily datasets of the fifth-
generation atmospheric reanalysis of the European Centre for
Medium-Range Weather Forecasts (ERA5), with a spatial resolution
of 0.25°x 0.25° and 137 levels from the surface up to a height of
80 km for the period of 1950 to present®.
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Fig. 4 The contribution of diabatic heating (DH) in different regions to the stationary wave changes projected by the stationary
wave model. The 200 hPa eddy meridional wind responses simulated by the stationary wave model driven by the diabatic heating in the (a)
tropical Pacific (Tro. Pac.; 20°S-20°N, 130°E-80°W), (b) North Atlantic (N. Atl.; 8°N-45°N, 10°W-80°W), (c) North America (N. America; 20°N-50°N,
130°W-80°W), (d) North Pacific (N. Pac.; 20°N-60°N, 140°E-130°W), (e) East Asian monsoon region (EAM; 20°N-45°N, 70°E-140°E), (f) tropical
Indian Ocean (Tro. I0; 20°5-20°N, 45°E-130°E) (units: m s™'). The white dots denote a response that exceeds the noise of stationary wave
model (see Methods). g Vertically averaged diabatic heating changes under the SSP5-8.5 scenario for the period of 2080-2099 (units: K day™").
The pattern correlation coefficients (PCCs) and root-mean-square errors (RMSEs) between the response in the PROJ and the sensitivity runs of

stationary wave model are shown in the top-right corner.

To identify the projected stationary wave changes, we use the
monthly output from 26 CMIP6 models (Supplementary Table 1),
and the daily output from 18 CMIP6 models (Supplementary Table
2) including their historical simulations, and future projections
under SSP2-4.5 and SSP5-8.5 scenarios*®*’. We mainly describe
the results of the high-emission scenario (SSP5-8.5), while the
results of the intermediate-emission scenario are presented in the
Supplementary Information. The first available realization for each
model is used to give equal weight to each model. All the data are
re-gridded to 2.5°x2.5° grids using first-order conservative
interpolation, except for the circulation patterns which are re-
gridded using bilinear interpolation.

Description and experiment design of stationary wave model

The stationary wave model®® is used to investigate the physical
mechanisms responsible for the projected changes of stationary
wave and related large-scale circulation. The stationary wave
model is a time-dependent baroclinic model, which solves the
three-dimensional (3D) nonlinear primitive equations for devia-
tions from the basic states in response to zonally asymmetric
imposed forcings on sigma coordinates. The basic states include
horizontal winds, air temperature and surface pressure. The
forcings include diabatic heating, transient fluxes (transient
vorticity and transient divergence), and orography. The stationary
wave model has rhomboidal wavenumber-30 truncation in the
horizontal (~2.25° latitude x 3.75° longitude) and 24 unevenly
spaced sigma levels in the vertical direction (R30L24). In addition,
various damping terms are used in the stationary wave model to
suppress model-generated transients and obtain a quasi-steady
solution. The damping terms include Newtonian cooling, Rayleigh
friction, and biharmonic diffusion, which are the same as those
used by previous studies®*8.

We prescribe the 3D basic states which are derived from the
outputs of 26 CMIP6 models in the historical (1995-2014) and
future (2080-2099) period, respectively. The 3D diabatic heating
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(DH, units: K day™") is diagnosed as a residual in the
thermodynamic equation by using the analyzed vertical velocity
from 14 CMIP6 models*®->":

%08 ) [— 7]
DH=g+V-VT+(£> w%+(ﬂ) v.ve 2w
ot o/ o \po op

M

where v denotes the horizontal wind vector, 6 and T denote the
potential temperature and air temperature, respectively

R/C,
6= T(%) *), w denotes the pressure vertical velocity. R is the

gas constant of air, and C, is the specific heat capacity at a
constant pressure. The overbar denotes the monthly mean, and
the prime denotes the deviation of the daily mean from the
monthly mean, viz. the transient component. Hence the transient
component represents both synoptic and submonthly fluctua-
tions. The transient vorticity (TF,) and divergence (TFp) fluxes are
calculated by using the 3D daily mean wind fields from the 14
CMIP6 models:

a(u dlv [ ([ v\ [ ou
=2 -2 | (w—) = |w— 2
i ox oy [ax (w 8p) 3y (w ap)}’ @

17947

SB[ ) - [1( )
where u and v are the 3D zonal and meridional wind, respectively.
(=%- g—;’, denoting the relative vorticity.

We calculate the diabatic heating and transient momentum
fluxes for individual CMIP6 models before taking the multi-model
mean (MMM). The MMM of basic states and forcings are first
calculated on the pressure levels and then linearly interpolated
onto the model sigma levels. The stationary wave model is
integrated for 100 days, and the averaged value from the 30th to

3)
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Fig. 5 The CMIP6 projected changes of Rossby waveguide, wave source, and stationary wave activity in the upper troposphere in
2080-2099 under the SSP5-8.5 scenario. a The projected percentage change of stationary zonal wavenumber (K;) at 200 hPa in boreal
summer (shading; units: %) and the spatial pattern of K; in the historical simulation of 1995-2014 (contour; units: 1). The K; represents the
Rossby waveguide. The contour lines are 6, 7, 8. The gray solid and yellow dashed streamlines in (b) represent the pathway of Rossby wave
propagation in the first 10 days after formation emanating from the black-box region (13°N-30°N, 160°W-115°W) under historical and SSP5-
8.5 scenarios, respectively. Given the initial location (black box in (b)), its displacement is integrated for 10 days. The shading in (b) shows the
projected changes in vertical averaged diabatic heating throughout the entire troposphere (units: K day™'). The shading and vectors in (c)
show the projected changes in the Rossby wave source (units: 107" s72) and wave activity flux (vector, units: m? s2) at 200 hPa, respectively.
The gray and yellow contours represent the present-day climatology of Rossby wave source and wave sink, respectively. The contour values of
the present-day wave source (wave sink) are =10 and -5 (5 and 10) X 107" 572 The blue box in (a) denotes the region where the waveguide is
projected to expand, while the black box in (a-c) denotes the wave source where the Rossby wave will propagate to Northwestern North
America. The white stippling denotes the same sign of projected changes in >70% of the models.

100th day is shown, given that a quasi-steady state would be
reached by the 30th day>?°.

To simulate the present-day climatology and the projected
changes of stationary wave, the stationary wave model is driven
by the forcings in historical (CTRL) and projection (PROJ) periods,
respectively (Supplementary Table 3). In the CTRL run, by
prescribing the three-dimensional basic states, the three-
dimensional circulation patterns are obtained as forced by the
present-day diabatic heating, TF,, and TFp fluxes. The projected
circulation patterns in the PROJ run are obtained as forced by the
projected diabatic heating, TF,, and TFp fluxes. To investigate the
dominant forcing responsible for the projected changes of
stationary wave, we design three sensitivity experiments to probe
the importance of diabatic heating, TF,, and TFp, respectively, in
the full stationary wave model response. To take into account the
interaction between diabatic heating, TF, and TFp, the forcing of
interest is fixed at its historical values, while the other two forcings
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in the PROJ run are used®® (Supplementary Table 3). The single-
forcing response is defined as the difference between the PROJ
and sensitivity runs. In addition, the nonlinear effect is defined as
the response difference between the PROJ run and the sum of the
three sensitivity runs. To examine the significance of response in
the PROJ run, we define the noise of stationary wave model as
twice the standard deviation computed from the 30" to the
100" day.

Diagnostic method for the Rossby wave propagation and ray
tracing

The characteristics of Rossby wave propagation are mainly
determined by the zonal wind in the upper troposphere®’. To
identify the contribution of zonal wind driven by diabatic heating
on the Rossby wave propagation, we calculate the stationary
wavenumber K; on the Mercator projection, which shows the
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qualitative behavior of Rossby wave, following Karoly>?> and
Hoskins and Ambrizzi®’:

12
K, = ("4) , @
v

2 2
By = 20—( ! a) (vcos’o) (COS (p)’ (5)

os 3 a

where V = U/(a cos @) represents the relative rotation rate of the
atmosphere, ¢ represents the latitude, a represents the Earth’s
radius, U represents the zonal wind at 200 hPa in the boreal
summer, and Q represents the Earth’s rotational constant. The
overbar denotes a time mean. 8, is the meridional gradient of
absolute vorticity in the spherical coordinates.

The variation of stationary waves over northwestern North
America may be preceded by an upstream Rossby wave train that
extends from the tropical Pacific. To identify the wave source
location in present day and projection period, we calculate the
Rossby-wave source, following Sardeshmukh and Hoskins®%:

S=-V - (%d), ©)

where vy is the divergent flow and ¢ is the absolute vorticity. The
projected changes in Rossby-wave source (5') is contributed from
the changes in divergent flow (v;() and absolute vorticity (£'):

==V (&) =V (%E) -V - (v&)+Res, %)

where Res denotes the residual term, and —V - (v)’(f) and -V -
(V&) represent the contribution from the changes in divergent
flow and absolute vorticity, respectively.

To measure the wave propagation, we calculate the wave
activity flux, following Plumb®3. The wave activity flux represents
the 3D propagation of the stationary Rossby waves®>. The
horizontal components in pressure coordinates are:

1 {(%’)2 — ﬁ}
2a%cos?g | \ OA N
1 [a¢' 3 _ g azas'}

Fs = pcoso (8)

2a2cos?¢ | 90X op ¥ 9Adgp

where ¢’ represents the eddy stream function, and A represents
the longitude.

In addition, to figure out the ray pathway of Rossby wave
propagation, we use a wave ray tracing technique developed by
Li** and Zhao®. By accounting for the meridional wind in the
mean state, a two-dimensional wave dispersion relationship for a
horizontally nonuniform flow in the ray-tracing algorithm is used
on a beta plane:
axl - ayk

Kk + ?
where Q, k, and | are the angular frequency, zonal and meridional
wavenumbers, respectively. V is the basic state of meridional wind at
200 hPa in the boreal summer. A spectral triangular truncation at
wavenumber 11 is used to smooth the background flow. The g, and
g, represent the zonal and meridional gradients of absolute vorticity,
respectively. Given that we focus on the stationary wave in the upper
troposphere, Q is set 0. The initial zonal wave number is set as 4.
When we get the initial k and m, the initial meridional wavenumber
can be calculated by solving Eqg. (9). The zonal and meridional
components of group velocity can be expressed as:

Q="Uk+VI+ , (9)

% = cox = U+ (K = P)g, — 2K, ) /K", (10
% =y =V+ ((k2 — P)g, + 2k@)/K4, (1)
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q,k—a,/ .
where K? represents the total wavenumber (K2 = ‘%H%), while
dg _ 3

F=5+ cg,X% + Cgy % represents the Lagrangian variation mov-
ing at the group velocity. x and y are the longitude and latitude of
rays at time step t. By using the initial location of the ray pathway,
the displacement of ray pathway can be calculated by the fourth
order Runge-Kutta method*® and integrated for 10 days.

CODE AVAILABILITY

The data in this study is analyzed with NCAR Command Language (NCL) and Matlab
R2021b. The relevant codes in this work are available, upon request, from the
corresponding author Z.C. and J.L.

DATA AVAILABILITY

Stationary wave model outputs are available on request from Z.C. and J.L. All other
datasets used in this study are freely available for download from Earth System Grid
Federation (ESGF; https://esgf-node.linl.gov/projects/cmip6/) or European Centre for
Medium-Range Weather Forecasts (https://www.ecmwf.int/en/forecasts).
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