nature communications

Article

https://doi.org/10.1038/s41467-025-55925-8

Recent changes in ENSO’s impacts on the
summertime circumglobal teleconnection
and mid-latitude extremes

Received: 2 June 2024

Taichen Feng ®'?
Accepted: 6 January 2025

Shankai Tang ® "2, Shaobo Qiao ® "3/, Bin Wang®*, Fei Liu®"3, Xian Zhu3,
, Guolin Feng®® & Wenijie Dong™®

Published online: 14 January 2025

M Check for updates

The boreal summer circumglobal teleconnection (CGT) provides a primary

predictability source for mid-latitude Northern Hemisphere climate anomalies
and extreme events. Here, we show that the CGT’s circulation structure has
been displaced westward by half a wavelength since the late 1970s, more
severely impacting heatwaves and droughts over East Europe, East Asia, and
southwestern North America. We present empirical and modelling evidence of
the essential role of El Nifio-Southern Oscillation (ENSO) in shaping this
change. Before the late 1970s, ENSO indirectly promoted CGT by modulating
the Indian summer monsoon rainfall (ISMR). Since 1980s, the ENSO-ISMR link
has weakened, but the westward-displaced ENSO forcing has been able to
directly trigger a Rossby wave response at the exit of the East Asian westerly
jet, resulting in a shift of the previous CGT’s North Pacific and downstream
centers westward along the westerly jet waveguide. State-of-the-art climate
models with prescribed anthropogenic forcing cannot simulate these changes,
suggesting that they are driven by natural variability. This work highlights the

importance of studying the impacts of changing ENSO to improve seasonal
prediction of mid-latitude extreme events.

As the latitudes with the largest land area and population, the mid-
latitude Northern Hemisphere (NH) has suffered from more and more
frequent and severe heatwaves and droughts in the context of global
warming'™, causing massive casualties and economic losses such as
Europe heatwaves in 2003, 2010 and 2019°7, North America heatwaves
in 2018 and 2021%°, and East China heatwaves in 2013 and 2022'°",
Since there is more difficulty of current dynamical models in fore-
casting the extratropics than tropics™", the mid-latitude NH climate’s
predictability urgently needs to be improved to meet the growing
need for disaster prevention and mitigation.

As one of the leading modes of the Northern Hemisphere upper-
troposphere circulations in boreal summer (June-july-August), the

circumglobal teleconnection (CGT) is a stationary Rossby wave pattern
embedded in the subtropical westerly jet”. The positive-phase CGT is
featured as a zonal 5-wavenumber structure with geographically
phase-locked centers of action over the mid-latitude West Asia, East
Asia, North Pacific, North America and West Europe’®, promoting the
descending motion and suppressed the cloud cover and rainfall along
the wave train and thereby inducing heatwaves and droughts over the
mid-latitude NH""® (vice versa). For example, the intense CGT was the
direct cause of unprecedented heatwaves in the Yangtze River valley of
China, the whole of Europe, and the Great Lakes region of America in
2022 midsummer™”, Besides the atmospheric internal variability, the
CGT is a typical tropical-extratropical teleconnection associated with
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the tropical monsoon rainfall and ElI Nifio-Southern Oscillation
(ENSO)?. Specifically, the positive(negative)-phase CGT is significantly
modulated by enhanced (suppressed) Indian summer monsoon rain-
fall (ISMR) and a La Nifa (El Nifio) developing phase'®?. Notably, the
robust ENSO impacts on CGT are essential for seasonal predictions and
long-term projections, as ENSO can provide valuable sources of
interannual predictability and plenty of references for the CGT and
mid-latitude NH summer climate in dynamical models®**.

The consensus of previous studies is that the ENSO’s effects on
CGT are indirect. The summertime development of La Nifia always
enhances the ISMR, and thus indirectly promotes the CGT. The
abundant diabatic heating released by the enhanced ISMR generates a
Rossby wave response to its northwest near the westerly jet***, pro-
pagating downstream along the jet waveguide and forming the
5-wavenumber pattern. In turn, the upper-level anticyclone over the
West Asia center of CGT helps maintain the ISMR by enhancing con-
vection and easterly vertical shear to its southeast over the Indian
Peninsula. Moreover, pacemaker simulations from the Community
Earth System Model version 1 (CESM1) revealed that the CGT pattern is
more directly related to sea surface temperature (SST) variability in the
Indo-Western Pacific than the eastern tropical Pacific, suggesting
another indirect pathway of the ENSO-CGT linkage. Except for these
indirect pathways, the zonally symmetric seesaw pattern forced by
ENSO is another reason for the robust ENSO-CGT linkage: The sum-
mertime development of La Nifia can induce a zonally symmetric low
in tropics and thereby favors a consistent high in mid-latitudes due to
meridional compensation?.

It has been noted that the CGT has experienced an inter-
decadal change in structure and variability after the late
1970s?°%. The pronounced change of CGT was observed over the
North Atlantic, Europe, and Central Asia, due to the enhanced
coupling to North African monsoon rainfall and southward shift
of upper-level westerly jet”. More importantly, the weakening of
major CGT centers, as a response to the decreased ISMR
variability”*%, was attributed to the much weakened ENSO-ISMR
linkage during the recent period**”" (Supplementary Fig. 1; Sup-
plementary Fig. 2a). However, it is surprised that the explained
variance and predictability of CGT are even higher after the late
1970s, which implies an enhanced linkage between the ENSO
development and CGT?*. Note that the enhanced ENSO-CGT
linkage cannot be explained by weakened ENSO-ISMR linkage;
other processes must be explored to understand the intensity
changes.

Previous studies have extensively examined how the ENSO
affects summertime extratropical teleconnections and their
stability??’~****, particularly during the transition from El Nifio to
La Nina, which significantly triggers Rossby wave propagation and
warming anomalies over the central and western regions of North
America***. However, few studies have discussed the possibility
that ENSO directly triggers the CGT, even though Ding et al.”!
noted the occurrence of the zonally symmetric seesaw pattern
across the Northern Hemisphere even under the cases with nor-
mal ISMR. Also, previous studies have indicated that the ENSO
itself has also exhibited an interdecadal change in the spatial
pattern, asymmetry, amplitude, periodicity and impacts®**~%. The
possible role of ENSO’s change in the recent enhanced ENSO-CGT
linkage needs to be answered.

Above all, better understanding the recent ENSO’s impacts
on CGT motivates us to conduct this study. Here, we find that the
recent change of the summertime ENSO can generate a local
tropical-extratropical teleconnection over the North Pacific to
directly affect the CGT, which is responsible for the structure
change of CGT since the late 1970s. This work goes beyond the
traditional view that the ENSO effects on CGT are indirect, mainly
through modulating the ISMR.

Results

Change of the CGT structure and impacts

We carried out an empirical orthogonal function (EOF) analysis of the
summertime 200-hPa geopotential height anomalies over the NH
during the whole period. The second EOF mode (EOF2) and principal
component (PC2) are applied to define the CGT*. Consistent with the
previous studies?*®, we divide the 70 years of the 1951-2020 period
into 1951-1979 and 1980-2020 in this study, and 200-hPa geopotential
height anomalies are respectively regressed onto the separated PC2
during these two sub-periods to represent the structure change of
CGT, as shown in Fig. 1. This is a common method to investigate the
interdecadal structure change of a pattern defined by an EOF mode®.
Note that the main results and conclusions are similar when the EOF
analysis is conducted independently during each period.

After the late 1970s, the most significant change in the CGT
structure is that the North Pacific center was much enhanced with a
half-wavelength westward movement combined with the East Asia
center. Meanwhile, the downstream centers have correspondingly
exhibited a half-wavelength shift along the westerly jet waveguide,
with the North America and West Europe centers shifting south-
westward and the West Asia center shifting northwestward to the Ural
Mountain. Such an interdecadal change of CGT structure coincides
nicely with the enhancement of the positive geopotential height
anomalies across Eurasia and the North Pacific along 60°N, south-
western North America, and mid-latitude North Atlantic, as well as the
negative geopotential height anomalies over West Asia, East Asia and
West Europe, as supported by the EOF analysis onto the forty 31-years
sliding CGT modes during the whole period (Supplementary Fig. 3).

Furthermore, the impact of CGT on the climate anomalies over
the mid-latitude NH considerably differs before and after the late
1970s. The recent westward-displaced CGT has resulted in much more
severe heatwaves across most areas of the mid-latitude Eurasia, espe-
cially for East Europe and East Asia stretching from eastern China to
Japan (Supplementary Fig. 4). The affected region of heatwaves and
droughts in North America changed from eastern Canada to south-
western North America (Supplementary Fig. 4), consistent with the
southwestward shift of the North America center, which has been
proven to be an essential factor for the more frequent, persistent and
severe California heatwaves and droughts recently***%,

Role of the ENSO
The above-normal ISMR associated with summertime La Nifia devel-
opment is the main factor responsible for the formation and main-
tenance of the CGT?.. Figure 2 presents the ISMR-related and La Nifa-
related 200-hPa geopotential height anomalies during the two sub-
periods. Before the late 1970s, the effects of the ISMR and La Nifia on
the mid-latitude upper-troposphere circulations were much similar to
each other (Fig. 2a vs. ¢), consistent with the traditional CGT structure
(Fig. 1a), indicating the indirect effects of ENSO on the CGT that
imposed by the ISMR'. After the late 1970s, the independent effects of
ISMR on the mid-latitude upper-troposphere circulations remain
almost unchanged (Fig. 2b vs. e). The relatively weakened West Asia
and East Asia centers should be attributed to the weakened ISMR
variability since the late 1970s?. The most robust difference between
the two periods appears in the La Nifia-induced pattern: The enhanced
North Pacific center has shifted westward and combined with the East
Asia center, and the North America center and West Europe center
have shifted southwestward, as well as the northwestward shift of the
West Asia center (Fig. 2c vs. f). These features correspond well to the
CGT structure during the latter period (Fig. 1b), suggesting the
essential role of ENSO in the recent westward movement of the CGT
structure.

By performing the composite analysis during the anomalous
summertime ENSO years and EOF analysis onto the summertime tro-
pical Pacific SST, we find that the structure of the summertime ENSO
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Fig. 1| The recent change in the circumglobal teleconnection (CGT) structure.
200-hPa geopotential height (shading; gpm) anomalies regressed onto the PC2 of
the summertime 200-hPa geopotential height over the Northern Hemisphere
during the (a) 1951-1979 period (P1), (b) 1980-2020 period (P2), and (c) their

2 4 6 8 10 12 14 16 18 20 gpm

differences (P2-P1). Stippling represents the shading values exceeding the 95%
confidence level. The green dotted (black solid) boxes refer to the locations of the
observed action centers of CGT during the 1951-1979 (1980-2020) period.

has also experienced a considerable interdecadal change: The center
of the SST anomaly shifted westward from the equatorial eastern
Pacific and the Chilean coast to the equatorial central Pacific between
the two sub-periods (Fig. 3a-c; Supplementary Fig. 5), consistent with
the increased central Pacific-type ENSO recently®”****¢, Note that this
ENSO structure change is symmetric for both La Nifia and El Nifio when
composited (Supplementary Fig. 6).

As a result, the descending motion of the Walker Circulation
induced by the summertime La Nifa shifts westward after the late
1970s, leading to the suppressed convection and rainfall over the
tropical western North Pacific (TWNP) (Fig. 3d-f). Due to the
convection-induced diabatic cooling, a tropical baroclinic structure
is formed over the TWNP (Fig. 4b). It should be noted that the
background zonal flow exhibits a robust easterly shear over the

TWNP (Fig. 4f), which is conducive to conveying the thermal-induced
baroclinic disturbances to the extratropic with opposite signal and
generating a tropical-extratropical teleconnection®”*. Accordingly,
the TWNP baroclinic structure propagates northward and is con-
verted into the extratropical barotropic disturbance with consistent
negative relative vorticity anomalies to eastern Japan (Fig. 4d).
Because the high-pressure barotropic disturbance to eastern Japan is
located near the exit region of the westerly jet, the North Pacific
center tends to be formed there as a Rossby wave response and
further propagates downstream along the westerly jet waveguide
(Fig. 4b). Thus, the North Pacific center during the latter period is
phase-locked to the eastern Japan and combined with the East Asia
center, accompanied by a half-wavelength westward shift of the CGT
centers downstream.
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1951-1979 1980-2020
(a) Reg ISM (d) Reg ISM

Fig. 2 | The recent change between El Nifio-Southern Oscillation (ENSO) and period. d-f Same as (a-c), but for the 1980-2020 period. Stippling represents the
Indian summer monsoon rainfall (ISMR) effects. 200-hPa geopotential height shading values exceeding the 95% confidence level. The green dotted (black solid)
(shading; gpm) anomalies regressed onto the (a) ISMR, (b) ISMR with the effects of ~ boxes refer to the locations of the observed action centers of the circumglobal
ENSO removed, and (c) inverted summertime Nifio 3.4 index during the 1951-1979  teleconnection (CGT) during the 1951-1979 (1980-2020) period.
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Fig. 3 | The recent change in the summertime El Nifio-Southern Oscillation (shading; mm day™), 850-hPa velocity potential (contours at the interval of 2x10°
(ENSO). Composite differences of sea surface temperature (SST) (shading; K) m? s; red solid contours are positive and blue dotted contours are negative), and

anomalies between the summertime La Nifia (Nifio 3.4 indices <-0.5) and EI Nifio ~ 850-hPa divergence wind (vectors; m s™) anomalies. Stippling represents the
(Nifio 3.4 indices > 0.5) years during the (a) 1951-1979 period (P1), (b) 1980-2020 shading values exceeding the 95% confidence level.
period (P2), and (c) their differences (P2-P1). d-f Same as (a-c), but for the rainfall
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regressed onto the inverted summertime Nifio 3.4 index (c) zonally averaged over
170°E-150°W (black box in a) during the 1951-1979 period, and (d) zonally averaged
over 130°E-170°E (black box in b) during the 1980-2020 period. Zonal wind of the
basic flow (e) averaged over 5°N-20°N/170°E-140°W during the 1951-1979 period,
and (f) averaged over 5°N-20°N/100°E-170°E during the 1980-2020 period. Stip-
pling represents the shading values exceeding the 95% confidence level.

In contrast, the La Nifa-induced diabatic cooling is located over
the tropical central North Pacific (TCNP) before the late 1970s
(Fig. 3a, d), where the easterly shear of the background zonal flow is
absent due to the upper-level westerly winds east of 170°E (Fig. 4e;
Supplementary Fig. 7). Thus, the impacts of the tropical thermal-
induced baroclinic disturbance are unable to be conveyed to the
extratropic, as evidenced by the unrobust and interrupted tropical-
extratropical teleconnection around 30°N (Fig. 4c). The CGT action
center over the North Pacific should be formed by the upstream dis-
turbances. Thus, the ENSO impacts on CGT were mainly imposed via
the ISMR during the former period.

Role of the westerly jet

The subtropical westerly jet plays a vital role in the formation and
propagation of CGT. The barotropic energy conversion (CK) is applied
to measure the efficiency of kinetic energy conversion from the basic
flow to anomalies, which is dominant at the jet exit region due to the
barotropic instability. In response to the summertime La Nifa, the
energy conversion between the anomalous CGT and westerly jet shift
westward (eastward) and becomes more (less) efficient after (before)
the late 1970s, as evidenced by the much stronger (weaker) positive
200-hPa CK anomalies to the eastern Japan (over the North Pacific)

(Fig. 5b vs. ¢). The CGT disturbances have been more westerly and
closer to the East Asian westerly jet exit region since the late 1970s,
induced by the westward shift of the summertime ENSO mentioned
above. On the other hand, the recently enhanced East Asian westerly
jet at its exit region could convey more kinetic energy to CGT and
reinforce the barotropic instability (Fig. 5a), which should be another
cause for the stronger CK. These results can explain the much stronger
North Pacific center during the recent period.

Additionally, the robust southward shift of the subtropical wes-
terly jet over the North Pacific and North Atlantic (Fig. 5a) should
contribute to the southward movement of the North America and West
Europe centers after the late 1970s (Fig. 1c). The stronger westerly jet at
the jet exit region over Europe (Fig. 5a) helps promote the occurrence
of Ural Mountain center (Fig. 1c), due to the stronger barotropic
instability and energy conversion there.

Numerical experiments validations

The Pacific pacemaker experiment and the fully coupled pre-industry
large ensemble (LE) experiment based on the Community Earth Sys-
tem Model version 2 (CESM2) are conducted for validation. The out-
puts of the Pacific pacemaker experiment represent the atmosphere
response to the observed tropical central-eastern Pacific SST
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Fig. 5 | Effects of the basic flow on the circumglobal teleconnection (CGT)
structure. a Differences of the climatological-mean 200-hPa zonal wind (shading;
ms™) between the two period (1980-2020 (P2) minus 1951-1979 (P1)). The blue box
represents the exit region of the East Asian westerly jet. The green line represents
the westerly jet axis, defined as the maximum value between 30°N-60°N of the
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climatological-mean 200 hPa zonal wind during the 1951-2020 period. 200-hPa
barotropic energy conversion (CK) (shading; 10° m* s®) based on the regressed
anomalies onto the inverted summertime Nifio 3.4 index and the climatological-
mean 200-hPa wind (vector; m s™*) during the (b) 1951-1979 period and (c)
1980-2020 period.

anomalies (i.e., ENSO). Similar to the observations, the half-wavelength
westward movement of the North Pacific center and other centers
downstream after the 1970s was successfully reproduced (Fig. 6b
vs. Fig. 2f).

In order to eliminate the effect of small sample sizes of observa-
tions, the composite difference results in the pre-industry LE are pre-
sented in Fig. 6d-f. The summertime ENSO years are selected among
the last 1000 years according to the summertime Nifio 3.4 index, which
is divided into the eastern Pacific type (Cluster 1) and the central Pacific
type (Cluster 2) by comparing the intensity of Nifio 3 and Nifio 4
indices (Supplementary Fig. 8). The CGT pattern associated with the
westward-displacement ENSO is almost similar with the observed CGT
since the late 1970s (Fig. 6e vs. Fig. 1b). Above all, both the pacemaker
and pre-industry LE experiments validate the essential role of ENSO in
the recent CGT structure.

In comparison, the forced patterns show much weaker amplitude
in both the pacemaker experiment before the late 1970s (Fig. 6a vs. b)
and the eastern Pacific type experiment (Fig. 6d vs. e). Although the
traditional CGT pattern during the former period fails to be repro-
duced, the models can simulate it when regressed onto the ISMR in
both experiments (Supplementary Fig. 9), consistent with Yu et al.*®,
The above results support our conclusion that the linkage between
ENSO and CGT during the former period is indirect.

Additionally, the linear baroclinic model (LBM) is conducted to
verify the impact of the position changes of upstream disturbances on
the downstream propagation of the CGT structure. Consistent with the
observation (Fig. 1), the westward shift of the barotropic disturbances
over the mid-latitude North Pacific leads to the enhanced and

westward-displaced North Pacific center, as well as a half-wavelength
westward movement of the North America center from eastern Canada
to southwestern North America (Supplementary Fig. 10a vs. b). The
less westward shift of the West Europe center may be attributed to the
LBM limitations in reproducing this center and the rapid signal
damping downstream.

Discussion

In this study, we have shown that the summertime ENSO has exerted a
direct effect on the CGT after the late 1970s, leading to the inter-
decadal change of the CGT structure, with a half-wavelength westward
shift of the North Pacific center and other centers downstream. The
specific mechanisms are summarized in the schematic diagram in
Fig. 7. Before the late 1970s, the summertime ENSO that centered in
the equatorial eastern Pacific indirectly affected the CGT by mod-
ulating the ISMR, which can trigger a zonal 5-wavenumber structure
with geographically phase-locked centers over the mid-latitude West
Asia, East Asia, the North Pacific, North America and West Europe
(Fig. 7a). After the late 1970s, the anomalous center of the summertime
ENSO has exhibited a significant westward shift from the equatorial
eastern Pacific to the equatorial central Pacific. The induced diabatic
cooling shifted to the TWNP, where the zonal basic flow exhibits a
robust easterly vertical shear. The easterly vertical shear can convert
the La Nifia-induced baroclinic disturbances to the extratropical bar-
otropic disturbances via triggering a tropical-extratropical tele-
connection, leading to an enhanced North Pacific center and an overall
westward shift of the whole CGT pattern along the westerly jet wave-
guide (Fig. 7b). Meanwhile, the interdecadal change of the subtropical
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Fig. 6 | Numerical experimental results. 200-hPa geopotential height (shading;
gpm) anomalies regressed onto the inverted summertime Nifio 3.4 index in the
Community Earth System Model version 2 (CESM2) Pacific pacemaker experiment
during the (a) 1951-1979 period, (b) 1980-2019 period, and (c) their differences.

The composite 200-hPa geopotential height (shading; gpm) anomalies of the (d)
eastern Pacific-type (Cluster 1), (e) central Pacific-type (Cluster 2) and (f) their
differences in the CESM2 large ensemble (LE) experiment. Stippling represents the
shading variability exceeding the 95% confidence level.

westerly jet also matters: the recently enhanced East Asian westerly jet
at its exit region favors a more robust Rossby response near the North
Pacific center, whereas the southward shift of the westerly jet over
North America and North Atlantic contributes to the southward
movement of the CGT centers there. The experiments of the CESM2
Pacific pacemaker, pre-industry LE, and the LBM jointly validate the
essential role of ENSO in shaping the CGT structure change.

This work may be helpful for future model improvements in
predictions and projections. Despite the highly-predictable inter-
annual intensity of CGT sourced from ENSO, the CGT’s centers of
action simulations are still facing challenges**’. A deeper under-
standing of the recent CGT structure change should help improve the
seasonal predictions of the mid-latitude NH heatwaves and droughts
associated with the ENSO. Moreover, a better understanding of the
ENSO-CGT linkage may provide some references for constraining
extensive ensemble simulations to improve the projection accuracy of
future climate change over the mid-latitude NH.

A question arose: Why has the summertime ENSO shifted west-
ward after the late 1970s? We argue that global warming may not be the
leading cause, as the historical simulations from 24 models in Coupled
Model Intercomparison Project Phase 6 (CMIP6) cannot reproduce the
recent change of the summertime ENSO and CGT structure (Supple-
mentary Fig. 11). Note that the summertime ENSO before the late 1970s
naturally evolved in the equatorial eastern Pacific and developed into
the following winter. In comparison, the summertime ENSO after the
late 1970s is much more associated with the Pacific meridional mode
(PMM) in the preceding winter (December-January-February) and
spring (March-April-May) (Supplementary Fig. 12). As suggested by
the previous studies™ >, the extratropical North Pacific forcings pro-
mote the occurrences of the central Pacific-type ENSO through the
wind-evaporation-SST feedback, trade wind charging, and Rossby wave
response mechanisms. They thus may contribute to the recent west-
ward shift of the summertime ENSO.

Methods

Observational data

The observed monthly rainfall data derived from the National Oceanic
and Atmospheric Administration (NOAA) Precipitation Reconstruction
(PREC) with a horizontal resolution of 2.5°x 2.5°, which merges the
observed rainfall over land, is used for the calculation of the ISMR. The
global geopotential height, wind, rainfall and surface air temperature
are given by the European Center for Medium-Range Weather Fore-
casts Reanalysis 5 (ERAS), with a 0.25° x 0.25° horizontal resolution.
The selection of global rainfall is due to the fact that ERAS is more
consistent with Global Precipitation Climatology Project (GPCP) than
NOAA PERC during 1980-2020 period (Supplementary Fig. 13). The
SST data are from the NOAA Extended Reconstruction of Historical Sea
Surface Temperature version 5 (ERSSTv5) at a 2.0° x 2.0° horizontal
resolution®*. The 3-months timescale of the standardized
precipitation-evapotranspiration index (SPEI) is given by the global
0.5° gridded SPEI base v2.9 dataset based on the Climatic Research
Unit gridded Time Series version 4.07 (CRU TS 4.07) data to measure
the droughts®. The anomalies are calculated by the original values
minus the climatological mean during the 1951-2020 period and
detrended to exclude the potential effect of global warming. The
summertime results in this study refer to the average values of June,
July and August (JJA). The robustness of this work has been confirmed
by repeating with other alternative datasets such as JRA-55 and
HadISST.

Numerical experiments

Based on the Community Earth System Model version 2 (CESM2), the
Pacific pacemaker experiment and pre-industry large ensemble (LE)
experiment conducted by the National Center for Atmospheric
Research (NCAR) are applied for the validation of statistical evidence.
The Pacific pacemaker experiment is forced by the observed tropical
Pacific SST derived from the ERSSTv5 dataset with 10 simulations
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Fig. 7 | A schematic diagram illustrating the mechanisms of recent change of
the circumglobal teleconnection (CGT) structure. The formation mechanisms of
CGT during the (a) 1951-1979 period, (b) 1980-2019 period. The red centers at mid-

latitudes represent the action centers of CGT, and the dotted red arrow represents
the waveguide. The blue center in the equatorial Pacific refers to the location of the
La Nifia center. See the text for details.

during the 1880-2019 period. The nudging area is 15°S-15°N from the
dateline to American coast. The linearly tapering buffer area extends 5
degrees of latitude to the south and north in the eastern Pacific, and
shapes as a wedge toward the Maritime continent west of the dateline.
The coupled system of model in the rest areas evolves freely. The
Pacific pacemaker experiment represents the atmosphere response to
the observed external forcing by ENSO without considering the effects
of the other oceans (https://www.cesm.ucar.edu/working-groups/
climate/simulations/cesm2-pacific-pacemaker). The LE experiment is
a fully-coupled free run at the pre-industrial (1850) level with a large
sample of 1200 years, which is widely used to measure the internal
climate evolutions without the anthropogenic forcing®.

The LBM is an ideal model based on the primitive equations lin-
earized at a given state. Two dry experiments are designed to verify the
impact of the position changes of upstream disturbances on the
downstream propagation of the CGT structure. The EXP-WP experi-
ment is forced by an anticyclonic vorticity anomaly over mid-latitude
western Pacific (Supplementary Fig. 10b), representing the dis-
turbances on jets associated with westward-shifted ENSO during the
recent period. In comparison, the EXP-CP experiment is forced by the
same prescribed relative vorticity, but over the central Pacific con-
sistent with the North Pacific CGT center during the former period
(Supplementary Fig. 10a). The vertical profile of vorticity is featured as
a barotropic structure following a gamma function with a maximum
value of about 4 x10™° s at 200 hPa (Supplementary Fig. 10c). The
experiments are set with a horizontal resolution of T42 and 20 sigma

levels (T42120). The average response between 20 and 30 days is
regarded as a steady result.

ISMR and ENSO indices

The ISMR index is defined as the normalized rainfall anomalies over the
Indian summer monsoon region (5°-30°N and 70°-90°E) based on the
NOAA PREC dataset”. The Nifio 3, Nifio 4 and Nifio 3.4 indices are
defined as the normalized SST anomalies over 5°S-5°N/90°W-150°W,
5°S-5°N/160°E-150°W, and 5°S-5°N/120°W-170°W, respectively.

Statistical tools and significance
The barotropic energy conversion (CK) is applied to quantitatively
measure the contributions of the westerly jet>*%, which is given by:

u-—v (ou oV ., (0 OV
oty k)

The overbars (primes) denote the climatology (anomaly), and u
(v) denotes the zonal (meridional) winds at a certain pressure level.
Positive CK stands for gaining kinetic energy from the climatological
mean flow to the anomalies.

The main statistical tools in this study include the empirical
orthogonal function (EOF), composite, correlation and regression
analysis. Commonly, the CGT can be defined as the second EOF mode
(EOF2) of the summertime Northern Hemisphere (NH) 200-hPa geo-
potential height or the first maximum covariance analysis (MCA) mode
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of the tropical rainfall and NH 200 hPa geopotential height™. In this
study, the EOF analysis is applied to identify the CGT, and the main
conclusions remain unchanged when using the MCA analysis. The
stationary wave activity flux is calculated to depict Rossby wave
propagations®. The Student’s t-test is applied to examine the statistical
significance level in composite, difference, correlation, and regression
analysis.

Data availability

All the raw data used in this study are publicly available online. The
global geopotential height, wind, rainfall and surface air temperature
data are available in the ERAS. The SST data are available in the
ERSSTVS (https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html).
The rainfall data used for the calculation of the ISMR are available in
the NOAA PREC. The SPEI are available in the SPEI v2.9 database
(https://digital.csic.es/handle/10261/332007). The numerical experi-
ment data are available in the CESM2 Pacific pacemaker and LE
experiment outputs (https://www.cesm.ucar.edu/working-groups/
climate/simulations). The numerical historical simulations are avail-
able in the CMIP6.

Code availability
Code for the main results is available on Zenodo at https://doi.org/10.
5281/zenodo.14467595.
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