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High Mountain Asia is a global warming hotspot, yet its influence on Northern Hemisphere extreme
weather-related synoptic temperature variability remains unclear. Combining observations and
numerical model simulations, we show that amplified High Mountain Asia warming has substantially
enhanced summer synoptic temperature variability (>21%) in Canada and Russia while reducing
winter variability (>19%) in Eastern Europe and the Nordic Seas during 1940-2022. These changes are
primarily driven by altered high-frequency temperature advection. High Mountain Asia warming
modifies horizontal temperature gradients, strengthening them in Canada and Russia in summer but
weakening them in the Nordic Seas and Eastern Europe in winter. These patterns arise from
hemispheric teleconnections that redistribute temperature and modulate atmospheric circulation
stability via changes in jet streams, Rossby waves, and air-sea interactions. Our findings highlight High
Mountain Asia warming’s far-reaching impacts on Northern Hemisphere weather variability, extending

beyond its well-known local climate effects.

High Mountain Asia (HMA), encompassing the Earth’s Third Pole and the
Asian Water Towers", represents one of the most remarkable topo-
graphical features on our planet. The role of HMA’s topography in shaping
both local and remote climates has been acknowledged for a long time’. In
the context of paleoclimate evolution and contemporary climate variability,
the mechanical and thermal forcing of HMA exerts a profound influence on
the Asian climate'™®. Recent studies have further demonstrated that HMA’s
thermal forcing significantly impacts present-day climate variability
worldwide through modulating large-scale atmospheric circulations and
air-sea interactions” .

HMA is experiencing accelerated warming under global warming™"*™"*.
From 1979 to 2020, its annual warming rate was 1.8 times the global
average'. This amplified warming in HMA has been proven to drive both
local and remote climatic changes. For instance, it has contributed to
increased South Asian monsoon precipitation'® and amplified Arctic
warming”. However, while the effects on climate are well-studied, the
influence of HMA warming on weather patterns in remote regions remains
largely unexplored.

Compared to the flat Asian topography during the paleoclimate era,
the uplift of HMA throughout its geological evolution has significantly
reduced winter synoptic temperature variability (STV) across most of the
Eurasian continent'’. Unlike the well-documented changes in mean tem-
perature characteristics (e.g., global warming), STV represents temperature
variance features that directly reflect weather variability””’. This STV
reduction suggests a decreased frequency and intensity of extreme cold
winter events, resulting in relatively milder winter conditions that are more
conducive to human habitation across Eurasia. Additionally, the uplift of
HMA has had a differential impact on tropical cyclones: it significantly
increased the frequency of tropical cyclones in the western North Pacific
while simultaneously decreasing their occurrence in the Arabian Sea’’.
Consequently, the HMA uplift has exerted a notable influence on summer
weather patterns associated with tropical cyclones.

Beyond the role of HMA uplift in the paleoclimate, ongoing warming
in HMA has contributed to an upward trend in the number of tropical
cyclones in the western North Pacific over recent decades”. Abnormal
thermal forcing from HMA has been demonstrated to trigger the intensi-
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fication of strong storms downstream of the Tibetan Plateau via diabatic and
advective modifications in cyclogenesis and development™*. Moreover,
interannual variations in HMA thermal forcing, closely linked to changes in
snow cover, have been hypothesized to modulate the interannual variability
of Eurasian summer heatwaves®. However, despite these established con-
nections to tropical cyclones and Eurasian heatwaves, whether historical
and current HMA warming has influenced the observed changes in weather
patterns across the broader Northern Hemisphere remains an important
and unresolved question.

To address this question, weather fluctuations were assessed using
STV'*7**_ Aligning with previous studies, STV was defined as the variance
of high-frequency near-surface air temperature after band-pass filtering for
2 to 15 days'**, as defined in Eq. (1). Three-hourly data were used in this
study to calculate STV. Figure 1a, ¢ shows the climatological distribution of
the STV across the Northern Hemisphere during boreal summer and winter
for the 1940-2022 period based on ERA5 reanalysis data. Note that ERA5
data were used to represent the observed changes in STV because substantial
missing values in the station-based observational dataset hamper the ana-
lysis of long-term climate change. The climatological STV generally shows
larger values over the regions with stronger horizontal temperature gra-
dients and higher circulation variabilities, such as over Ural blocking regions
and storm track regions (Fig. 1), as also suggested by previous
studies'******. In simple terms, when wind patterns are similar, stronger
temperature contrasts between regions lead to bigger temperature swings as
winds move air masses. On the other hand, if temperature contrasts stay the
same, more variable winds cause stronger temperature fluctuations. In
general, greater wave amplitudes in Rossby waves, more frequent blocking
events, and cyclone/anticyclone occurrences produce higher atmospheric
circulation variability.

Asian regions with elevations higher than 500 m are defined as HMA,
which follows the benchmark experimental designs from Global Monsoons
Model Intercomparison Project (GMMIP)™ of the Coupled Model Inter-
comparison Project phase 6 (CMIP6)*'. The coupled Community Earth
System Model (CESM), version 2.1.3, with 0.9 x 1.25 degree finite volume
grid”, was used to perform numerical experiments. In the fully coupled

JJA, ERAS

CESM model, the control run was the historical experiment (HIST) from
1850 to 2014, while the sensitivity run halved the sensible heat flux
throughout the entire atmospheric column over HMA (HMA-sh0.5) at
each time step of model integration. Monthly data were output for the
period 1850-2014, while three-hourly data were output only for the last
fifteen years (2000-2014) to save storage costs. Since this study focuses on
STV derived from three-hourly data, we conducted three ensemble mem-
bers for the 2000-2014 simulations (Table S1) to ensure robustness.

The model demonstrates good performance in simulating the clima-
tology of key variables, despite some regional biases (Fig. S1). Specifically, it
produces cooler summers and warmer winters over the extratropical con-
tinents compared to observations (Fig. Slc, f), and exhibits overestimated
precipitation over East Asia in summer and the North Pacific in winter
(Fig. S1i,1). The spatial pattern of simulated snow cover agrees well with the
binary observational data, with visual differences attributable to the contrast
between the model’s continuous fractional values and the observed snow/no
snow classification (Fig. SIm-r). It also captures the climatological patterns
of STV across the Northern Hemisphere reasonably well, although some
regional magnitude discrepancies exist (Fig. 1). Specifically, the HIST
simulation shows stronger summer STV over Canada (Fig. 1a, b) but weaker
winter STV over Eurasia (Fig. 1¢, d) compared to observations. Beyond the
control run, we evaluated the CESM’s performance in sensitivity experi-
ments. We conducted atmosphere-only historical (amip-HIST) and no-
sensible heat (amip-HMA-nosh) experiments to enable direct comparison
with benchmark GMMIP results. The temperature and precipitation dif-
ferences between amip-HIST and amip-HMA-nosh show high consistency
between CESM and two GMMIP model simulations (Fig. S2). Taken
together, these results demonstrate that CESM reliably reproduces both the
climatological patterns and sensitivity responses crucial for our study.

The benchmark no-sensible heat (nosh) experiment from GMMIP
producesa ~4 °C temperature anomaly over HMA (Fig. S2a, ¢, e), consistent
with the paleoclimate variability range but substantially larger than observed
current variability. We consequently adopted the half-sensible heat (sh0.5)
experiment, yielding a more moderate ~1.5°C anomaly over HMA
(Fig. S3b) that better aligns with current climate variability ranges' ™", i.e.,

JJA, HIST simulation
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Fig. 1 | Climatological patterns of weather fluctuations. STV (F) averaged from 1940 to 2022 in (a) June to August (JJA) and (c) December to February (DJF), based on
ERADS reanalysis data. (b, d) Same as (a, ¢) but for the HIST experiment ensemble mean from 2000 to 2014.
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Fig. 2 | Trends in weather fluctuations. Linear trends in STV (F) for 1940-2022 in
(a) JJA and (b) DJF, based on ERA5 data. The stripes indicate significant trends at
the 95% (P.qj < 0.05) confidence level based on the two-tailed Student’s t test and
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false discovery rate (FDR)-adjusted P-values (P,4j). Dashed rectangles highlight
focus regions for analysis.

~2 °C/century HMA warming trend (Fig. S3a). Notably, both sh0.5 and
nosh experiments dynamically adjust sensible heat flux at each model time
step rather than prescribing a fixed forcing. This approach maintains
complete feedback mechanisms, where sensible heat perturbations act
primarily as a triggering factor for subsequent atmospheric adjustments.
Compared to the control run””, these sensitivity experiments ultimately
produced a net cooling effect throughout the atmospheric column.

Since both observations and the HIST experiment inherently incor-
porate HMA warming effects, our sensitivity experiment (HMA-sh0.5)
creates a cooler HMA condition with reduced thermal influence. The HIST
minus HMA-sh0.5 differences thus isolate the specific impacts of HMA
warming present in HIST. While alternative approaches involving sensible
heat enhancement could theoretically reveal similar warming effects, our
methodology adheres to the critical principle of keeping anomalies within
realistic current climate ranges, which prevents unrealistic responses trig-
gered by excessive forcing, e.g., paleoclimate-scale oceanic circulation
changes”. Furthermore, by scaling the differences between HIST and
HMA-sh0.5 to match the observed magnitude of HMA warming from 1940
to 2022, the effects of HMA warming involved in observation can be esti-
mated according to Eq. (2). This integrated framework—combining tar-
geted sensitivity experiments with observationally constrained scaling—
effectively disentangles HMA-induced climate signals from other forcing
factors in the observational record.

This study focused on temperature variability rather than precipitation,
which is another important component of weather. However, the impact of

precipitation-related latent heat release on temperature was included in the
diabatic modlﬁcatlon of temperature™**”, as quantified using the thermo-
dynamic equation™. Unlike previous approaches that used pressure levels
like 850 hPa to approximate surface conditions'****, we developed a model-
level temperature tendency equation to directly diagnose the physical pro-
cesses underlying STV from climate model output data™”". Through this
method, numerical experiments, and observationally constrained scaling,
we found that HMA warming substantially contributes to observed weather
changes across many Northern Hemisphere regions for the 1940-2022
period, particularly in Russia, Canada, the Nordic Seas, and Eastern Europe.

Results

Observed trends in STV and the contribution of HMA warming
Considerable changes in STV were observed across the Northern Hemi-
sphere from 1940 to 2022 (Fig. 2). During summer, statistically significant
(Pygj < 0.05) positive STV trends occurred throughout most of the Northern
Hemisphere, except for the eastern United States (Fig. 2a). The two most
prominent positive STV trends in large-scale regions were found in Russia
and Canada, indicating significantly increased synoptic-scale temperature
fluctuations in these regions during summer.

In winter, both positive and negative STV trends were observed across
the Northern Hemisphere (Fig. 2b). The two most prominent features were
large-scale negative trends over the Nordic Seas and Eastern Europe, indi-
cating significantly decreased synoptic-scale temperature fluctuations in
these regions during winter. Climate model projections show continuing
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T2 trends due to amplified HMA warming (°C? decade™)
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Fig. 3 | Amplified HMA warming-induced trends in STV. (a) JJA and (b) DJF STV
(T") trends attributable to amplified HMA warming for 1940-2022. Values
represent ensemble means from numerical experiments (HIST minus HMA-sh0.5,
Fig. $4) with observational scaling following Eq. (2). Striped areas indicate
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statistically significant differences (P < 0.05, two-tailed Student’s t test). Percentage
values show the proportion of observed regional changes attributable to amplified

HMA warming. The thick gray contour indicates 500 m elevation.

decreases in weather fluctuations over the Nordic Seas under both inter-
mediate- and high-emission scenarios™, with more pronounced decreases
under high emissions. This suggests that reduced weather variability in the
Nordic Seas may intensify with greater future warming. In addition, when
sea ice melts and is replaced by open ocean, the greater heat capacity of water
helps to stabilize temperatures, leading to reduced Arctic STV™.

Based on CESM sensitivity experiments combined with observation-
ally constrained scaling following Eq. (2), the potential contribution of
HMA warming to observed trends in STV was isolated (Fig. 3). This scaling
approach matches the modeled STV response to the actual observed
strength of HMA warming. Specifically, the amplified component of HMA
warming due to the regional feedback was quantified by comparing its
temperature increase with the global mean warming rate (Fig. S3a, b). As
detailed in the Introduction and Methods sections, the CESM model
maintains all active feedbacks, where sensible heat serves only as a triggering
factor while atmospheric and land surface feedbacks collectively determine
the final HMA warming magnitude (HIST minus HMA-sh0.5). Conse-
quently, the simulated sensible heat changes over HMA (Fig. S3¢) do not
perfectly correspond to the temperature changes (Fig. S3b). The simulated
sensible heat changes exhibit pronounced increases over the Tibetan Pla-
teau, particularly in its southern region (Fig. S3c). While some regional
discrepancies exist between simulated and observed HMA temperature
changes due to observational complexities and model limitations

(Fig. S3a, b), the simulations successfully capture the large-scale impacts of
HMA warming, as evidenced by positive changes in both temperature and
sensible heat anomalies over the HMA (Fig. S3b, c).

Numerical experiments with observationally constrained scaling show
that HMA warming significantly affects observed trends in STV across the
four key regions (Fig. 3). In summer, HMA warming caused a significant
STV increase in northern Russia, explaining 21% of the observed regional
STV trends (Fig. 3a). It also enhanced STV in southeastern Canada,
accounting for 34% of the regional STV trends. In winter, HMA warming
significantly reduced STV in northeastern Eastern Europe, contributing
21% to the regional mean decrease (Fig. 3b). Across the Nordic Seas, HMA
warming contributed 19% to reduced STV, with most pronounced effects in
the Barents and Greenland Seas. Results are highly consistent across
ensemble members. An exception is Eastern Europe in winter, where the
contribution ratio varies in magnitude (7-43%; Fig. S5, which shows results
from individual ensemble members). This is because STV changes there are
dynamically controlled by high-frequency circulation variability (as dis-
cussed later), while other regions are thermodynamically dominated by
horizontal temperature gradients. Dynamical factors exhibit greater inter-
model variability”, explaining this difference. According to the theory of
mean temperature patterns controlling STV'******’, most regional STV
changes likely result from HMA warming-regulated temperature patterns.
Overall, HMA warming impacts STV more strongly in downstream Canada
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than other regions, primarily through its strong effects on Rossby waves
along westerlies and jet streams™®'!, combined with oceanic repeater effects
from the North Pacific and Atlantic Oceans by amplifying the downstream
circulation and temperature changes’. These dynamical mechanisms will be
detailed in a subsequent section.

Beyond long-term trend analysis combining simulations with obser-
vations, the HMA warming’s impact on STV was further examined con-
cerning variability spanning interannual to decadal timescales in
observations. To avoid spurious correlations from linear trend components,
we conducted composite analysis using linearly detrended variables. Con-
sistent with the diabatic heating modifications in the numerical experi-
ments, the HMA warming was quantified using atmospheric diabatic
heating derived from the thermodynamic equation®, as defined in Eq. (7),
over the HMA region (Fig. 4a, c). This approach ensures direct compar-
ability between observational composites and numerical simulations.

Compared to years with weaker thermal forcing, years with stronger
HMA thermal forcing showed higher STV in Russia and Canada during
summer (Fig. 4b) and lower STV in the Nordic Seas and Eastern Europe
during winter (Fig. 4d). These composite analysis results generally agree
with the HMA warming-induced positive and negative STV changes seen in
long-term trends from numerical experiments (Fig. 3). However, the STV
changes in the composite analysis show some regional-scale differences
because this statistical method cannot fully separate the influence of HMA
warming from other climate factors as precisely as controlled model
experiments can. Collectively, both approaches consistently indicate that
HMA warming contributes substantially to STV changes across all four
regions, with relative contributions reaching at least 19%.

Physical processes underlying HMA warming impacts on
remote STV

We developed a model-level temperature tendency equation™, i.e., Eq. (4),
to quantify the physical processes driving STV changes. By employing HIST
minus HMA-sh0.5 differences in 2-15 day band-pass filtered temperature
tendency variance derived from three-hourly data, we assessed each pro-
cess’s contribution to HMA warming-induced STV changes. These

processes, as defined in Eq. (8), include: adiabatic horizontal temperature
advection (AD_h), adiabatic vertical motion-induced temperature mod-
ification (AD_v), and diabatic heating from external energy sources (e.g.,
radiation and surface-atmosphere energy exchange; DIAB)****”, In simple
terms, AD_h represents horizontal heat transport between regions, AD_v
captures temperature changes caused by air moving up or down (which
leads to expansion or compression), and DIAB includes local heating or
cooling from radiation, clouds, and vertical energy transfer in the atmo-
sphere. The climatological mean variance of the local temperature tendency
(LOCAL; Fig. S6a, b), which quantifies the magnitude of synoptic-scale
temperature change rates, shows spatial patterns consistent with STV dis-
tributions (Fig. 1). This confirms that our diagnostic approach, based on the
variance of temperature tendencies, successfully captures the spatial char-
acteristics of STV. Confirming previous findings'*"*, the AD_h term
dominates large-scale STV patterns, while AD_v and DIAB show impor-
tance over topographic and coastal regions. The residual term’s magnitude
is three orders of magnitude smaller than the dominant terms (Fig. S6),
further validating the methodological accuracy. Additional methodological
details and comparative discussions are provided in the Methods section.

During summer, the AD_h (141%) and DIAB (105%) terms showed
the strongest positive contributions to STV increase in Russia, each
exceeding the AD_v contribution by at least threefold (Fig. 5a). Note that
contributions can exceed 100% because positive and negative effects from
different processes cancel each other out in the total calculation. Canada
exhibited similar patterns, with AD_h and DIAB contributing 127% and
45%, respectively. However, covariance terms exerted negative influences: in
Russia, Cov(AD_h, DIAB) (—161%) and Cov(AD_v, DIAB) (—30%); in
Canada, Cov(AD_h, DIAB) alone accounted for —72% of STV muodifica-
tion. These results demonstrate that synoptic horizontal temperature
advection and diabatic processes primarily drive increased weather varia-
bility in both regions, while their interactive effects offset these gains.
Notably, the diabatic process plays a secondary role compared to horizontal
advection, as further evidenced by spatial patterns (Fig. 5¢).

During winter, both AD_h (138%) and AD_v (132%) terms con-
tributed substantially to STV reduction in the Nordic Seas (Fig. 5b). In
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sh0.5) for 2000-2014. Numbers indicate each term’s fractional contribution to
LOCAL; values exceeding 100% occur due to offsetting positive and negative con-
tributions, while the sum of all terms remains 100%. b Same as in (a) but for two
regions in DJF. ¢, d Spatial patterns of the two dominant contributing terms to
LOCAL. Striped regions indicate statistically significant differences (P < 0.05, two-
tailed Student’s ¢ test).

Eastern Europe, AD_h dominated with a 261% contribution, significantly
exceeding AD_v (30%) and DIAB (47%). Negative contributions arose
from: Cov(AD_h, AD_v) and Cov(AD_v, DIAB) in the Nordic Seas, and
Cov(AD_h, AD_v) and Cov(AD_h, DIAB) in Eastern Europe. Notably,
while the regionally averaged Cov(AD_h, DIAB) showed net positive values,
its spatial pattern (Fig. S71) largely opposed the Nordic Seas STV changes
(Fig. 3b), with positive contributions confined to northern margins. The
AD_h spatial distribution closely matched Nordic Seas STV reductions,
whereas AD_v effects were localized to western areas, likely from
Greenland-induced vertical motion during wind fluctuations (Figs. 3b, 5d).
Similarly, AD_h’s dominance in Eastern Europe was evident in spatial
patterns (Figs. 3b and S7d, f, h). These results demonstrate that synoptic
horizontal temperature advection also primarily drives winter STV
decreases in both regions.

Given the key role of horizontal temperature advection, the factors
influencing it were investigated. Mathematically, horizontal temperature

advection depends on both wind patterns and temperature contrasts
between regions. According to how synoptic variability is defined, the
variance or an equivalent form of V and V, T should be examined. The
eddy kinetic energy (EKE), as shown in Eq. (11), has a clear physical
meaning and is a widely used factor in quantifying the high-frequency
atmospheric circulation variability””. Similarly, the strength of tempera-
ture contrasts between regions, as shown in Eq. (12), is measured by the
norm of the horizontal temperature gradient and is widely recognized as a
crucial factor in shaping synoptic-scale temperature variability'****. Taken
together, the EKE and the norm of the horizontal temperature gradient are
the dynamic and thermodynamic factors that determine the synoptic
variability of horizontal temperature advection.

During summer, the enhanced horizontal temperature gradient in
northern Russia and southeastern Canada (Fig. 6¢) corresponded with
increased AD_h contributions (Fig. 5¢), while reduced EKE values (Fig. 6a)
exhibited an inverse relationship with AD_h. In the Nordic Seas during
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b HMA warming-induced changes in eddy kinetic energy (EKE) according to Eq.
(11) in JJA and DJF, respectively, derived from ensemble means of HIST minus
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HMA-sh0.5 experiments for 2000-2014. Striped areas indicate statistically sig-
nificant differences (P < 0.05, two-tailed Student’s t test). ¢, d Same as (a, b) but for

the norm of horizontal temperature gradient according to Eq. (12).

winter, the reduced horizontal temperature gradient (Fig. 6d) coincided
with decreases in AD_h, while the elevated EKE (Fig. 6b) contrasted with
AD_h (Fig. 5d). In Eastern Europe during winter, both EKE and the hor-
izontal temperature gradient declined concurrently (Fig. 6b, d), with the
spatial patterns of EKE showing a stronger correspondence to the reduc-
tions in AD_h (Fig. 5d). The simulation results are robust across ensemble
members, with the exception of Eastern Europe in winter (Figs. S8 and S9,
which show physical process contributions and key factors from individual
ensemble members, respectively). In this region, the magnitude of the
decrease in both EKE and the related AD_h varies considerably among
members (Figs. S8b, d, f and S9b, £, j), mirroring the spread in STV changes
seen in Fig. S5b, d, f. This coherence underscores the dominance of EKE in
governing STV changes over winter Eastern Europe and attributes the inter-
model spread primarily to dynamical processes. These modern climate
relationships extend paleoclimatic evidence demonstrating HMA uplift’s
role in shaping EKE climatology and storm track evolution'***. Collectively,
horizontal temperature gradients dominate STV changes in summer
(Russia/Canada) and winter (Nordic Seas), whereas EKE variations pri-
marily govern winter STV changes in Eastern Europe.

Hemispheric-scale teleconnection dynamics induced by ampli-

fied HMA warming

Given that horizontal temperature gradients and EKE are established as the
two primary physical factors, the dynamics of HMA warming on STV can
be attributed to teleconnections associated with these two variables. Hor-
izontal temperature gradients are governed by spatial patterns of tem-
perature changes, making the large-scale temperature change patterns
induced by HMA warming fundamental. Previous studies have established
that HMA warming affects remote temperature via modulating Rossby

waves, jet streams, and regional vertical circulation cells”"". In the mid-
latitudes, EKE depends on high-frequency atmospheric disturbances, which
are ultimately driven by large-scale atmospheric instability. This type of
instability is commonly measured using the maximum Eady growth rate
(EGR)"*", as defined in Eq. (13). Therefore, we further examined tem-
perature change patterns and EGR variations, as well as their overarching
teleconnection dynamics.

Amplified HMA warming drives distinct seasonal temperature
responses across Northern Hemisphere regions (Fig. 7). Summer features
enhanced warming in southwestern Russia (Fig. 7a), intensifying horizontal
temperature gradients along coastal regions by reinforcing land-sea thermal
contrasts. The increased horizontal temperature gradients in Canada are
also induced by enhanced warming in the south. Winter shows the strongest
warming on poleward sides of the Barents and Greenland Seas (Fig. 7b),
weakening background horizontal temperature gradients, while north-
western warming reduces gradients in southeastern Eastern Europe. The
Eastern Europe EKE decrease is induced by diminished baroclinic instability
(negative EGR changes; Fig. 7c), meaning a more stable atmosphere sup-
presses the formation of weather disturbances. Key changes induced by
HMA warming are summarized as follows: summer’s southern-enhanced
warming amplifies Russian/Canadian horizontal temperature gradients;
winter’s northern-dominated warming reduces Nordic/Eastern European
horizontal temperature gradients; and Eastern Europe EKE declines stem
from enhanced atmospheric circulation stability.

Figure 8 demonstrates HMA warming-mediated large-scale circula-
tion changes. During summer, HMA warming generates a belt of positive
geopotential height anomalies in the upper troposphere. This anomalous
high-pressure belt aligns with the climatological jet stream, creating circu-
lation anomalies that weaken the westerlies to its south and enhance them to
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Fig. 7 | HMA warming-induced changes in tem-

Temperature change (°C), JA

perature and baroclinic instability. a, b Near-
surface air temperature differences in JJA and DJF,
derived from ensemble means of HIST minus
HMA-sh0.5 experiments for 2000-2014. Striped
areas indicate statistically significant differences

(P <0.05, two-tailed Student’s ¢t test). Overlaid con-
tours represent the climatological mean. ¢ Same as
(b) but for the maximum Eady growth rate (EGR),
quantifying atmospheric baroclinic instability
according to Eq. (13). Higher EGR values indicate a
background state more favorable to the develop-
ment of atmospheric eddies and thus higher EKE.
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its north (Fig. 8a). This perturbed configuration promotes a poleward
migration of the jet stream, consistent with established findings*’. How-
ever, these changes exhibit zonal asymmetry, with Russia experiencing the
most pronounced northward displacement of high-pressure anomalies
downstream of HMA (Fig. 8a). The wave activity flux (WAF) was employed
to trace the pathways of Rossby wave propagation®. Conceptually, the WAF
represents the directional flow of energy within a Rossby wave packet,
illustrating the trajectory along which the wave’s energy propagates through
the atmosphere. WAF reveals that Canada’s summer high-pressure system
results from prominent Rossby wave propagation along the jet stream
waveguide originating from HMA. Winter patterns differ markedly,
showing distinct Rossby wave signatures while demonstrating minor jet
stream modifications (Fig. 8b). The primary winter influence manifests as a
high-pressure anomaly affecting both the Nordic Seas and Eastern Europe,
which is induced by the Rossby waves propagating via a circumglobal
pathway along the jet stream according to WAF. Collectively, these patterns
identify two key mechanisms: summer jet stream and Rossby wave
anomalies connecting HMA warming to Russia and Canada; and winter
circumglobal Rossby waves linking HMA to Nordic Seas and Eastern
Europe.

Large-scale upper-level atmospheric circulations establish tele-
connections between HMA and remote regions. Vertical coupling between
lower- and upper-level circulations further links these atmospheric patterns
with near-surface climate anomalies. During summer, HMA warming
establishes a baroclinic structure characterized by low-level low pressure and
upper-level high pressure (Fig. 8a, c). This system operates as a thermal air
pump, driven by both sensible heating and other diabatic heating compo-
nents, particularly latent heat release from precipitation'®”. This

mechanism involves heating-induced rising air motions that create con-
verging winds near the surface and diverging winds aloft, which subse-
quently trigger large-scale upper-level circulation anomalies. Away from
HMA, these upper-level anomalies typically induce barotropic responses
throughout the troposphere. Consequently, upper-level high pressure over
Russia and Canada generates corresponding surface high-pressure systems
(Fig. 8c), promoting subsidence in these regions (Fig. 8e). The resultant
adiabatic heating and reduced cloud cover/precipitation from subsidence
amplify regional warming. In winter, weaker convection and precipitation-
induced latent heat release limit the generation of prominent local baroclinic
responses by HMA warming. As a result, only a weak and shallow low-
pressure system develops over the HMA (Fig. 8d). Nonetheless, the baro-
tropic response in the remote region emerges, producing high pressure over
both the Nordic Seas and Eastern Europe (Fig. 8d). This configuration
fosters regional warming through subsidence (Fig. 8f) and enhances
atmospheric stability in Eastern Europe. Although the Nordic Seas lie at the
periphery of this high-pressure system, strong Arctic feedback mechanisms
produce pronounced near-surface temperature responses, as discussed
subsequently.

The mechanisms linking HMA warming with remote climatic impacts
through atmospheric circulations and feedbacks are summarized in Fig. 9.
Beyond these atmospheric processes, air-sea interactions play a pivotal role
in mediating HMA’s influence on Canada and the Nordic Seas. While
Rossby waves naturally dissipate with distance, their propagation is partly
sustained by jet streams acting as waveguides. In addition, the North Pacific
Ocean acts as a critical oceanic repeater that amplifies the downstream
impacts of HMA warming through positive feedbacks. Specifically, HMA
warming enhances atmospheric humidity over the Pacific via large-scale
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Fig. 8 | HMA warming-induced changes in large-scale atmospheric circulation.
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flux (WAF; vectors) according to Eq. (14) in JJA and DJF, derived from ensemble
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moisture transport. This process reduces the air-sea humidity contrast,
thereby diminishing latent heat flux from the ocean. Concurrently, HMA-
induced sinking motion reduces cloud cover, increasing shortwave radia-
tion absorption. The resultant air-sea energy exchange further warms the
ocean mixed layer, which in turn provides a feedback to the atmosphere—
particularly by sustaining Rossby wave propagation™. This mechanism
further elucidates why Canada exhibits the most pronounced climatic
response to HMA warming. Similarly, HMA warming influences the
Nordic Seas through Arctic air-sea interactions’”. The HMA warming-
induced anticyclonic anomalies over Nordic Seas/Eastern Europe (Fig. 8d)
enhance poleward heat and moisture transport, activating feedback loops
involving sea ice-albedo effects, radiation changes, and evaporation pro-
cesses that collectively amplify Nordic Seas warming. Moreover, while the
decline in snow cover (Fig. S10) contributes to regional warming in summer
Russia/Canada and winter Eastern Europe (Fig. 7a, b), it is not the dominant
factor because the spatial patterns of warming and snow loss do not match
closely.

Discussion

This study demonstrates that HMA warming influences weather variability
in remote regions—quantified by STV—primarily by modifying synoptic
horizontal temperature advection, whereas diabatic processes play a sec-
ondary role. Nonetheless, diabatic processes can be crucial in individual
extratropical weather systems®, warranting further investigation into their

specific role in HMA’s remote impacts on weather events. Two primary
regimes changing synoptic temperature advection are identified: (1) driven
by HMA-induced horizontal temperature gradients (dominant for summer
Russia, Canada, and winter Nordic Seas), and (2) synoptic atmospheric
circulation variability (dominant in winter Eastern Europe). Key regional
responses include: (1) southern-enhanced warming over Russia/Canada
strengthens horizontal temperature gradients and STV during summer, (2)
northern-enhanced warming over Nordic Seas/Eastern Europe weakens
horizontal temperature gradients and STV during winter, and (3) enhanced
atmospheric circulation stability reduces synoptic circulation variability in
Eastern Europe during winter. These findings align with established global
temperature impacts of HMA warming®'"'%"**** " confirming the
robustness of its remote effects on weather fluctuations.

HMA warming drives distinct seasonal teleconnection patterns
through atmospheric pathways and air-sea interactions. Summer features a
prominent baroclinic response over HMA, stimulating jet stream changes
and Rossby wave propagation along the jet stream waveguide, generating
high-pressure anomalies over Russia/Canada, while winter exhibits cir-
cumglobal Rossby waves establishing Nordic Seas/Eastern Europe high-
pressure anomaly. These high-pressure systems induce regional warming
through sinking motion-induced adiabatic heating and enhanced solar
radiative heating across all four regions, while increasing atmospheric sta-
bility in winter Eastern Europe. As demonstrated by previous studies™ %,
air-sea interactions over the North Pacific and Arctic Oceans further
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Fig. 9 | Schematic diagram of teleconnection mechanisms modulated by HMA
warming. a, b HMA warming influences summer (Russia/Canada) and winter
(Nordic Seas/Eastern Europe) climates through atmospheric circulations and
feedbacks. HMA warming creates stronger low-level convergence and ascending
motion via the thermal air pump mechanism (Fig. 8c-f), generating upper-level
circulation anomalies that trigger: (1) summer Rossby wave trains downstream,
forming high-pressure anomalies over Russia/Canada; and (2) winter circumglobal
wave trains reaching upstream, producing Nordic Seas/Eastern Europe high pres-
sure. For visual clarity, this figure schematically shows only the Rossby wave path-
ways and high-pressure anomalies that directly affect the target regions; detailed
circulation patterns are provided in Fig. 8a, b. These high-pressure systems induce
sinking motion (Fig. 8e, f), leading to adiabatic heating and solar radiative heating
due to reduced cloud cover. The resultant regional warming patterns (Fig. 7a, b) and
atmospheric stability changes over Eastern Europe (Fig. 7¢) alter the horizontal
temperature gradients and the EKE. Summer wave propagation is aided by North
Pacific air-sea interactions’, while winter Nordic Seas warming is amplified by
anticyclonic-driven poleward heat/moisture transport and air-sea feedbacks'”.

amplify HMA warming’s remote influence, particularly over Canada and
the Nordic Seas. These mechanisms collectively explain the spatially het-
erogeneous yet robust remote impacts of HMA warming through vertically
coupled atmospheric circulation changes and air-sea interactions.

These findings highlight the need to consider HMA warming when
investigating weather in remote regions, particularly the four key areas
identified. However, the majority of STV changes in each region should be
attributed to regional warming patterns induced by external forcing and
local feedbacks™***. HMA warming represents amplified regional heating
exceeding anthropogenic emission-induced global averages®, driven by
both local feedbacks (snow/vegetation albedo, cloud-radiation, and water
vapor effects)”'*"® and remote oceanic forcing (Indian/Atlantic/Arctic
influences)****”". Beyond the isolated impact of long-term HMA warming
examined in this study, the oceanic variability-mediated influence on
weather variability at decadal timescales requires targeted investigation
through expanded numerical experiments. Building on approaches like
GMMIP’s pacemaker experiments™, future work should develop groups of
pacemaker experiments to isolate HMA warming’s remote oceanic drivers,
thereby better understanding oceanic variability-mediated impacts on glo-
bal weather.

While this study identifies HMA warming’s influence on Northern
Hemisphere weather, its effects have been inherently embedded in observed
global climate change. However, accurately quantifying these impacts faces
challenges due to: (1) sparse observations and complex topography intro-
ducing biases in observational/reanalysis data®>, and (2) model defi-
ciencies in representing HMA climatology and climate changes, particularly

for snow cover and surface heat fluxes’>”. These limitations highlight the
critical need for improved observational networks and more physically
realistic model parameterizations to reduce current uncertainties in asses-
sing HMA warming’s climatic role.

Methods

Data

The observational three-hourly and monthly near-surface air temperature
data were from the European Centre for Medium-Range Weather Fore-
casting (ECMWF) reanalysis, version 5 (ERA5)*, in a 1° x 1° grid. The
three-hourly near-surface air temperature data were used to calculate the
synoptic temperature variability (STV) according to Eq. (1). The monthly
near-surface air temperature data were used to examine the seasonal mean
temperature changes. The ERA5 three-hourly temperature, zonal and
meridional wind velocity, vertical velocity in pressure coordinates, and
surface pressure data in a 2° x 2° grid were used to calculate the diabatic
heating of the atmosphere and its vertical column integration according to
Eq. (7). ERA5 data are available from 1940 to the present, with the data
utilized in this analysis being last updated in May 2023.

This study employs the Global Precipitation Climatology Project
(GPCP) version 2.3 dataset. It has a spatial resolution of 2.5° x 2.5° and a
temporal coverage from January 1979 to the present. The dataset is acces-
sible from the NOAA/OAR/ESRL PSL”.

This study uses the National Oceanic and Atmospheric Administra-
tion (NOAA) Northern Hemisphere snow cover extent climate data record.
The data are provided on a weekly basis on a 88 x 88 cell polar stereographic
grid, covering the period from October 1966 to the present. The dataset is
accessible from the NOAA National Centers for Environmental

Information®.

Numerical experiments

The control and sensitivity runs for simulating the impact of HMA
warming are HIST and HMA-sh0.5 experiments based on the fully cou-
pled Community Earth System Model (CESM), version 2.1.3". The
atmosphere, land, and ocean components of the CESM model are CAMS,
CLMS5.0, and POP2, respectively, configured on a 0.9 x 1.25 degree finite
volume grid (Table S1). The HIST experiment is a historical simulation
from 1850 to 2014, which is identical to the historical experiment in the
Coupled Model Intercomparison Project phase 6 (CMIP6)*, with exter-
nal forcing such as greenhouse gas and aerosol emissions defined by the
observed values. The HMA-sh0.5 experiment reduces the sensible heat
flux (sh0.5) of the atmosphere over the HMA region by half, which creates
a cooler atmosphere over HMA. As a result, the HIST minus HMA-sh0.5
difference reflects the impact of a warmer atmosphere over the HMA
region. Monthly output data were generated for the entire simulation
period (1850-2014), while three-hourly output was limited to the final 15
years (2000-2014) to save storage cost. Two additional ensemble runs
were conducted for 2000-2014, initialized with conditions from 1998 and
1999, respectively (Table S1). This resulted in three complete ensemble
runs for 2000-2014, all containing both three-hourly and monthly output
data®".

The principles of experimental design for HMA-sh0.5 are outlined
below. The large-scale topography affects climates through mechanical and
thermal forcing®. HMA thermal forcing changes with warming, thereby
affecting the remote climate™'"”””. Since sensible heat flux comprises the
main component of atmospheric diabatic heating over the HMA'*”,
changes to sensible heat can substantially change the total diabatic heating.
Therefore, numerical experiments widely use the sensible-heat-
modification method to simulate the impact of HMA thermal
forcing®™'"*. Notably, sensible heat modification does not imply that only
sensible heat changed while other components of diabatic heating remain
unchanged. Modifying sensible heat flux acts as a triggering factor that sets
off atmospheric adjustments, such as latent heat changes from precipitation
changes, resulting in an overall diabatic heating change across the atmo-
sphere over the HMA*'"”,
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The technical details of the HMA-sh0.5 experiment are as follows. Two
technical approaches are commonly utilized to modify the sensible heat over
the HMA by manipulating different components of the coupled climate
model. One approach modifies the land surface sensible heat flux exchanged
between the land and atmosphere through the model coupler. The other
approach modifies the sensible heat flux across the entire column of the
atmosphere within the atmosphere component of the model. This study
uses the latter, while the previous no-sensible-heat (nosh) experiment uses
the former one™™*. Furthermore, the sensible heat flux of the atmosphere is
modified in each time step of model integration, thereby allowing for
complete atmospheric adjustment and land-atmosphere feedbacks
throughout the model execution. Due to the diffusive property of sensible
heat transport and the active land-atmosphere feedbacks within the model,
reducing either the land surface heat flux or the sensible heat flux of the
atmosphere yields an equivalent effect in producing a cooler atmosphere
over the HMA. Comparing CESM simulated results in this study with those
from the Global Monsoons Model Inter-comparison Project (GMMIP)™
reveals a high degree of consistency between the two approaches (Fig. S2), as
elaborated below.

The GMMIP employs the atmosphere-only and no-sensible-heat
experiment (amip-HMA-nosh) that is widely used in previous studies,
wherein atmosphere-only experiments (abbreviated as amip following
CMIP6 convention) are based on partly coupled models with prescribed sea
surface temperature instead of an active ocean model®. To verify our
experimental designs and CESM performance, we also performed amip-
HMA-nosh and amip-HIST experiments, wherein amip-HIST is the
atmospheric-only historical experiment. Two models, i.e,, FGOALS-f3-L
and FIO-ESM-2-0, participated in GMMIP provided the results for amip-
HMA-nosh and amip-HIST experiments. In line with HIST and HMA-
sh0.5 experiments, the amip-HIST minus amip-HMA-nosh difference
reflects the impact of a warmer atmosphere over the HMA region. As shown
in Fig. S2, the CESM-simulated temperature and precipitation changes are
highly consistent with that of the two GMMIP models, which indicates the
consistent effects of the aforementioned two approaches in modifying
sensible heat over the HMA. As detailed in the introduction, totally
removing the sensible heat generates a forcing that is much stronger than the
current climate variability over the HMA. Therefore, HMA-sh0.5 with half
sensible heat modification was employed in this study.

Synoptic temperature variability
STV is defined as the high-frequency temperature variance after band-pass

frequency filtering at the synoptic timescale'****, which in this study is 2 to
15 days, as formulated in Eq. (1):
_ 1 n _
2= (T, = 1), 6))
i=1

where T;and T indicate the temperature at each time point in a month and
the monthly average, respectively, based on the three-hourly data after 2-to-
15-day band-pass filtering.

To compare the results of the sensitivity experiment with observations,
the differences in STV from the experiments should be scaled to the
observed HMA warming trend (T7 Fig. S3a). This scaling is based on the
sensitivity of the response to forcing, specifically the STV change (T ap)in
response to the HMA temperature change (T?#A; HMA regional average;
Fig. $3b) in the HMA-sh0.5 experiment, as illustrated in Eq. (2). Since the
amplified HMA warming relative to the global average indicates unique
forcing from HMA, the global mean warming values (TZ°%; global average)
must be excluded when quantifying the effect of HMA warming
(THMA.HMA regional average). Previous studies have proposed that the
forcing of HMA warming has a cross-seasonal impact on the climate
response' ", Therefore, the temperature in Eq. (2) uses annual mean values,
while STV uses monthly mean values. Taken together, the formulation of
Eq. (2) physically represents the observationally constrained STV change
(T?a) due to HMA warming, which is the product of the simulated

response-to-forcing ratio (Fd,ﬁ / TZ}”A) and the observed changes in for-

: HMA Globe\,
cing (Ttrend - Trrend)'

2
di

=) HMA Glob iff
T? imvis = (Thond — Thoad) X THMA )

diff

where Ty, indicates the observed temperature trend, while T indicates
the simulated temperature difference using HIST minus HMA-sh0.5.

Equation of physical processes underlying STV change
The temperature tendency equation, also known as the thermodynamic

equation for temperature, in the pressure coordinate is as follows™:

oT - kT 9T p\"de
E——Vth—F(?w—%a))—FQTO) E, (3)

where 7, w, p, and 0= T(py/p)" indicate horizontal wind velocity, vertical
velocity in units of Pa s, pressure, and potential temperature, respectively.
The two constants are x = 0.286 and p, = 100000 Pa. Symbol V,, represents
the horizontal gradient operator. As also described by Rothlisberger and
Papritz™, the left-hand side term represents the local temperature tendency,
while the three right-hand side terms represent the temperature tendencies
induced by adiabatic horizontal temperature advection, adiabatic vertical
displacement of air and temperature convection, and diabatic heating due to
external energy sources, respectively. To trace the evolution of temperature
extremes, Rothlisberger and Papritz further derived the Lagrangian
temperature-anomaly tendency equation along the backward trajectory of
the air parcel. In contrast to Rothlisberger and Papritz’s Lagrangian tracing
method™, the terrain-following form of Eq. (3), ie., Eq. (4), provides a
simpler approach to diagnose the physical processes leading to near-surface
temperature changes from an Eulerian perspective that focuses on fixed
points in space.

The temperature tendency equation in model-level coordinates is as
follows, according to the vertical coordinate transformation rules:

al:—v-VhT—{—(gw—a—Twml)—}-(pE) ﬁ, (4)
p o/ At

where w,,; is the vertical velocity transformed from pressure-level
coordinate to model-level coordinate™”, and in the form of

0
m1=W—£—7'VhP~ ©)

w
Correspondingly, the diabatic heating of the atmosphere after vertical
coordinate transformation is in the form of

dd 00 — a0
= VVhG—f-a)ml%

= 6

dt ot ©

Another form of diabatic heating is the often-used apparent heating

Q = p(pﬂo)x 49> The vertical integration of Q; across the atmosphere

column® is used to quantify the thermal forcing of the HMA in observa-
tions, in the form of

zZr 1 [Pr
= p, = [ o @)
Zg Ps

where pg and pr =200 hPa indicate the surface and top pressures of the
integration. Symbol g indicates the magnitude of gravity.

Subsequently, there are two approaches for quantifying the contribu-
tions of various physical processes to changes in STV. Approach I is to
determine the high-frequency variance of Eq. (4) after 2-to-15-day band-
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pass filtering, that is

o’ or :az[—T/)-VhT] o’ ﬂw—a—Twml +0? £> d6
ot — —— P ap 0 dt
AD_h
LOCAL AD_v DIAB
kT oT

*d6
+2a{—7~th, wm,} +2a{—7-th, (5) E}’
0

Cov(AD_h, DIAB)

et
p ap

Cov(AD_h, AD_v)

+ 20 {gw - a—Twml, (5) @} + residual
p op o/ dt

Cov(AD_v, DIAB)

®)

where ¢” and o represent the variance and covariance operators. The left-
hand side term indicates the local STV change (LOCAL), while the six right-
hand terms indicate the relative contributions of adiabatic horizontal
temperature advection (AD_h), adiabatic vertical motion-induced tem-
perature modification (AD_v) including vertical displacement of air and
temperature convection, diabatic heating due to external energy sources
such as radiation and surface-air energy exchange (DIAB), and the
covariance of the three physical processes (Cov), respectively. The residual
term represents the numerical error resulting from the finite difference. _

Alternatively, Approach ITis to determine the equation of variable 2" a =
as illustrated in Eq. (10)”. The deductions are as follows: Introducing T =
T + T’ to the left-hand side of Eq. (4) and subtracting the monthly mean of
Eq. (4) from it yield

oT’

Vv (Lo )+ (2) D
a h p T o) dt

= KT oT P\ do
T @) - )

Multiplying Eq. (9) by 2T, introducing %~ ot _ oal -r>and applying the
monthly mean to it yield

(©)

. ]
M v Vovr+2r (Lo-Py,)+2r. (2) %
ot p op o/ dt

Although Approach II appears more plausible and rigorous in
mathematics, Approach I was implemented in this study because Approach
II did not work in our case. The primary issue with Approach II lies in
agtz:t 9% in particular, the differing sequence of the averaging operation and
the partlal derivative between the two terms. The left-hand term calculates
the tendency of T ? at each time point and then performs the averaging. In
contrast, the right-hand term first calculates the average, which represents
the STV in this study, and then performs the partial derivative. The right-
hand term aligns with our objective to examine STV changes, whereas the
left-hand term does not. Given the nonlinearity of the partial derivative, the
different sequence of operations yields different results. Consequently,
the left-hand term mathematically and statistically fails to adequately cap-
ture STV changes, as clearly illustrated by the following thought experiment
about synoptic temperature evolution.

Weather events are characterized by waves of temperature anomalies
that come and go. For example, if the temperature rises and then returns to
normal after a week, it could result in T6 =0,2,4,6,4,2,0K for seven days
consecutively. Similarly, for another case with greater synoptic temperature

variability, it could be T’ = 0, 5, 10, 15, 10, 5, 0 K. The relevant variables are
T?=0,4,16,36,16,4,0 K, T?=0,25,100, 225,100, 25,0 K, 8= 2,2,2, -2,
-2,2Kd*" %= 5,5,5,-5, -5, -5 K !, 6= 4,12, 20, 20, 12, -4 K* d”,

A 25,75,125, 125,75, 25 K d", 02["2]= 4 K* d”, and 02[2]= 25 K

0Kd", - 0K d, and = 0 K d,

(10)

T oKd, L

d. As a result, 2 > 5t

> ot

Obviously, the result———— 0 indicates that Approach I based on Eq. (10)
is unable to detect the 1ncreased STV from T to T}. In contrast, the result
51051
effective.

The variance of the horizontal temperature advection term (AD_h) in
Eq. (8) is jointly determined by the dynamical factor, that is, synoptic
atmospheric circulation variability represented by the eddy kinetic energy
(EKE)” with 2-to-15-day band-pass filtering, and the thermodynamic
factor, represented by the norm of the horizontal temperature gradient
(IV,T1)*, as follows:

21 demonstrates that Approach I based on Eq. (8) is

KE = (u? +17)/2,

5 +(5)-

EKE is mathematically similar to turbulent kinetic energy”, but it
excludes the vertical velocity component. Turbulent kinetic energy is pri-
marily used to describe small-scale turbulence within the atmospheric
boundary layer, whereas EKE is applied to characterize large-scale atmo-
spheric circulations. Both EKE and the norm of the horizontal temperature
gradient have been widely recognized as key factors in examining the
synoptic variability of horizontal temperature advection'*"*’. EKE is
determined by large-scale atmospheric circulation instability, usually
quantified as maximum Eady growth rate (EGR)"—a metric directly
explaining EKFE’s variations; higher EGR strengthens baroclinic instability,
amplifies wind perturbations (¢, v in Eq. (11)), and boosts EKE (lower EGR
has the opposite effect), thus making EGR a driver of EKE variability that
links circulation instability to synoptic eddy energy. EGR is defined as
follows:

(11)

IV, T| = (12)

Lau

EGR = 0.31= |— 13
N |0z (13)

where where f and N are the Coriolis parameter and Brunt-Viisild
frequency, respectively.

Wave activity flux

The wave activity flux (WAF) represents the direction in which stationary
wave trains propagate, namely the group velocity of a Rossby wave packet.
This study utilizes the formulation of WAF as suggested by Takaya and
Nakamura *, as follows:

i (WY oyl v [y ov
p COS(p a*cos’p oA A% a’ cos¢ | O 0 LI

WAF =—— )
i [ovoy 2y o3| (w 2y
Z‘VI —{_ V/aaaqs] +_{<W> _‘V/W}

a? cos¢ | L 9¢

where a indicates Earth’s radius, ¢ and A indicate latitude and longitude,
respectively. v’ indicates stream function anomaly with respect to the
climatological mean.

Statistical methods

Linear trends were calculated using the least-squares linear regression
approach, based on the NCAR Command Language (NCL)*, as described at
https://www.ncl.ucar.edu/Document/Functions/Contributed/regline_stats.
shtml. The corresponding significances were estimated using two-tailed
Student’s ¢ test. Since we examined the linear trends spatially, the P-values for
the significance tests were adjusted according to the false discovery rate
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(FDR) concept™. The FDR-adjusted P-values were calculated as follows:

N

Py=Px——
@ = 7 Rank(P)’

(15)

where N represents the total number of grids north of 10° N in this study,
and Rank(P) represents the rank of all P-values sorted in ascending order.
The statistical significance level in this study was set at 95% (P,g; < 0.05).

The two-tailed Student’s t-test was also used to determine the statistical
significance (95% confidence level, P < 0.05) of the difference between the
control (HIST) and sensitivity (HMA-sh0.5) runs, as described at https://
www.ncl.ucar.edu/Document/Functions/Built-in/ttest.shtml.

The band-pass filtering based on Lanczos filtering method*® was used
to extract the synoptic variability components of the time series, as described
at https://www.ncl.ucar.edu/Document/Functions/Built-in/filwgts_
lanczos.shtml. The frequency band of synoptic variability'**° ranges from
2 to 15 days in this study.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

ERA5 hourly data at the near-surface are available at https://cds.climate.
copernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview.

ERAS5 monthly data at the near-surface are available at https://cds.climate.
copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=
overview. ERA5 hourly data at the pressure level are available at https://cds.
climate.copernicus.cu/datasets/reanalysis-era5-pressure-levels?tab=
overview. GPCP precipitation data are available at https://psl.noaa.gov/
data/gridded/data.gpcp.html. NOAA snow cover extent data are available at
https://www.ncei.noaa.gov/products/climate-data-records/snow-cover-
extent. The CESM outputs are available at https://doi.org/10.5281/zenodo.
16789206.

Code availability
The codes for CESM experiments, data processing, and plotting are available
at https://doi.org/10.5281/zenodo.16789206.
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