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Abstract
Our study reframes our understanding of stratosphere–troposphere interactions, traditionally
thought to be confined within individual hemispheres, by introducing a novel cross-hemispheric
link. We demonstrate that strong boreal winter Arctic stratospheric polar vortex (APV) boosts the
transmission of upper tropospheric waves from Northern Hemisphere’s mid-high latitudes to the
equator. Facilitated by the tropical central and eastern Pacific’s ‘westerly bridge’, these waves reach
Southern Hemisphere’s mid-high latitudes. The entire process shows a ‘semicircular road’. Waves
reaching the Southern Hemisphere affect the circulation through wave-flow interaction, causing a
southward swing of the Southern Hemispheric westerly jet center. This displacement weakens the
subtropical jet and strengthens the polar jet, resulting in increased subtropical precipitation and
decreased mid-latitude precipitation in the Southern Hemisphere during austral summer.
Correspondingly, a weak APV may lead to the opposite result. Our findings underscore APV’s
broader impact on the tropospheric atmosphere, extending beyond prior knowledge.

1. Introduction

The stratospheric polar vortex plays a pivotal role
in stratosphere–troposphere interactions. In the
Northern Hemisphere, the Arctic stratospheric polar
vortex (APV) (Waugh et al 2017, Mitchell et al 2021)
forms in autumn, peaks in winter, and decays by early
spring, with the strongest variability from January
to March (supplementary figure S1). APV altera-
tions, such as strengthening due to ozone depletion
or weakening from stratospheric sudden warming,
deeply impactNorthernHemisphere’s surface climate
(Haynes et al 1991, Baldwin and Dunkerton 2001,
Ambaum and Hoskins 2002, Thompson et al 2006,
Domeisen and Butler 2020, Baldwin et al 2021, Scaife

et al 2022, Tian et al 2023). For example, the APV’s
crucial role in modulating the Arctic Oscillation
(Baldwin and Dunkerto 1999, Black 2002); variations
in APV phases correlate with the North Atlantic
Oscillation (Limpasuvan et al 2005, Charlton-Perez
et al 2018, Domeisen 2019), leading to abnormal tem-
perature fluctuations in mid-latitudes (Scaife et al
2008, Kolstad et al 2010, Butler et al 2017, King et al
2019). These changes can influence surface weather
for weeks to months (Hartmann 1981, Moulin et al
1997, Kidston et al 2015, Xie et al 2018, Ma et al 2019,
Afargan-Gerstman and Domeisen 2020) and even
impact the North Atlantic Ocean meridional over-
turning circulation (Reichler et al 2012), as well as the
tropical El Niño-Southern Oscillation (ENSO) (Xie
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et al 2016). However, the traditional paradigm that
stratospheric–tropospheric interactions are thought
to be constrained to individual hemispheres.

In the Southern Hemisphere, researches indicate
stratospheric ozone-induced Antarctic stratospheric
polar vortex changes drive the Southern Hemispheric
westerly jet trend during austral summer (Gillett
and Thompson 2003, Perlwitz et al 2008, Son et al
2008). This jet significantly influences regional cli-
mate, affecting precipitation (Feldstein 2011, Kang
et al 2011), Australian wildfires (Lim et al 2019),
surface temperature (Thompson et al 2011), sea ice
extent (Thompson and Solomon 2002), storm track
variability (Yin 2005), and arid region locations (Lu
et al 2007). A previous study observed potential inter-
hemispheric synchronization of the Arctic Oscillation
and the Antarctic Oscillation in February (Tachibana
et al 2018). Given the APV’s crucial role in modu-
lating the Arctic Oscillation (Baldwin and Dunkerto
1999, Black 2002), it prompts the question: can
significant APV fluctuations cross the equator and
influence the Southern Hemisphere’s atmospheric
circulation?

2. Data and experiments

2.1. Data
In this study, we leveraged an array of datasets encom-
passing the European Centre for Medium-Range
Weather Forecasts Reanalysis v5 (ERA5) (Hersbach
et al 2020, Bell et al 2021), the Japanese 55 year
Reanalysis (JRA-55) (Kobayashi et al 2015), and the
Global Precipitation Climatology Project (GPCP)
(Adler et al 2018). The ERA5, featuring a 1◦ × 1◦ spa-
tial resolution, monthly data span the period 1950–
2022 and daily data span the period 1950–2022.
Conversely, the JRA-55, characterized by a 2.5◦ × 2.5◦

resolution, daily data cover the years 1958–2022.
Additionally, we adopted version 2.3 of the monthly
GPCP dataset, which has a 2.5◦ × 2.5◦ resolution and
encapsulates the period 1979–2022.

2.2. Model and simulation
The present study employed the Community
AtmosphereModel version 6 (CAM6), a key compon-
ent of the Community Earth System Model version
2.2 (CESM2.2), a comprehensive coupled climate
system model. CAM6 incorporates a finite-volume
dynamical core with 32 vertical tiers stretching from
the surface to 3 hPa. The simulations were carried out
at a resolution of 1.9◦ × 2.5◦ (latitude × longitude).
It is pivotal to note that CAMprimarily targets tropo-
spheric simulations. Within the scope of this study,
stratospheric simulations are largely confined to the
modeling of the stratospheric polar vortex, eschew-
ing the impact of other stratospheric processes on the
mechanism. The principal altitude range for mech-
anism simulation remains within the troposphere.

Hence, the employment of the CAM model in this
investigation is deemed appropriate.

This study features 13 experiments, segmen-
ted into three categories. Group 1 consists of the
Ctrl experiment (Ctrl) and eight nudging exper-
iments (SA_20 and WA_20, SA_30 and WA_30,
SA_50 and WA_50, SA_80 and WA_80), all of
which probe the Southern Hemisphere climate’s
reaction to fluctuations in the intensity of the
Arctic Stratospheric Polar Vortex (APV). Group 2
encompasses two nudging experiments (SHW_SS
and SHW_NS) that investigate the repercussions
of changes in the Southern Hemispheric westerly
jet on APV amplitude. Meanwhile, Group 3 entails
two nudging experiments (SA_FWD andWA_FWD)
which ascertain how the Southern Hemispheric cli-
mate adapts to deviations inAPV strengthwhen zonal
winds in the tropical central and eastern Pacific west-
erly area remain static. Comprehensive experimental
blueprints are outlined in supplementary tables S1–3
in the ensuing experimental delineation.

For all iterations, nudging is executed eight times
daily, specifically at 0, 3, 6, 9, 12, 15, 18, and 21
o’clock. The zonal wind used for nudging is the 3D
zonal wind, with a nudging intensity set at 100%. This
means thatwithin the zonalwind’s nudged region, the
model’s zonal wind precisely mirrors the given zonal
wind, unaffected by any other dynamic processes dur-
ing the simulation.

3. Results

3.1. Southern Hemispheric jet and precipitation
linked to APV anomaly
Figures 1(a)–(c) depicts the correlation coeffi-
cients between the Arctic Stratospheric Polar Vortex
Intensity Index (APVI) and global zonal-mean zonal
wind alterations from January to March based on
ERA5 daily data from 1979–2022. Considering the
time of atmospheric signal propagation, the global
zonal wind changes here are delayed by 15 d com-
pared to APVI. Our analysis reveals a significant
inverse correlation between APVI and the north-
ern branch of the Southern Hemispheric westerly
jet (subtropical jet) during February and March
(figures 1(b) and (c)). Simultaneously, a positive
correlation exists with the southern branch of the
westerly jet (polar jet). This suggests that the intens-
ification and weakening of boreal winter APV align
with the Southern Hemispheric westerly jet center’s
southerly and equatorial swings during austral sum-
mer, respectively. This pattern, primarily pronounced
in February, is not evident in January (figure 1(a)).
Moreover, from the altitude range of 200–300 hPa in
figures 1(b) and (c), we can observe a wave train from
themid-high latitudes of theNorthernHemisphere to
the mid-high latitudes of the Southern Hemisphere.
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Figure 1. Exploring the correlations between the Arctic stratospheric polar vortex strength and variations in the Southern
Hemispheric circulation. (a) Depiction of the correlation coefficient between the Arctic stratospheric polar vortex index (APVI)
from 1–14 January and zonal-mean zonal wind fluctuations from 15–28 January, spanning 1979–2022, drawn from ERA5 daily
datasets. (b) Analogous to (a), this frame captures February. (c) A reflection of (a), highlighting the interval of March. For
context, the APVI within this research framework is characterized by zonal wind anomalies aggregated across the domain:
10–50 hPa, 180◦ W–180◦ E, and 60◦ N–70◦ N. (d) Simulated February zonal-mean zonal wind anomalies resulting from
variations in APV strength 50% APV changes. The anomalies are obtained by SA_50 subtracting WA_50, as outlined in
supplementary table S1. Areas pinpointed by dots signify statistical significance, gauged at the 95% confidence threshold, as
determined by the Student’s t-test.

When the research period of the ERA5 data is
extended from 1979–2022 (44 years, figure 1(b)) to
1950–2022 (73 years, supplementary figure S2(a)),
the correlation between APVI and the changes in
the northern branch of the Southern Hemispheric
westerly jet (subtropical jet) surpassed the 95% sig-
nificance test. Note that, the correlation coefficient
between the changes in the southern branch of the
westerly jet (polar jet) and APVI did not pass the
95% significance test.We find that there is an extreme
anomaly of polar jet (orange line, supplementary
figure S2(c)) comparedwith subtropical jet (blue line,
supplementary figure S2(c)) for the period from 1960
to 1970. If excluding this period from 1950–2022,
the correlation between APVI and polar jet variations
is also significant at 95% confident level (supple-
mentary figure S2(b)). The correlation between APVI
and Southern Hemispheric westerly jet from 1979
to 2022 based JRA-55 data agrees well with that of
ERA5 (supplementary figure S3 and figures 1(a)–(c)).
As the reanalysis data prior to 1979 did not assim-
ilate enough observations (Bell et al 2021), we will
select the 1979–2022 (44 years) as our research period
hereafter.

To demonstrate the causal relationship between
APV and changes in the intensity of the Southern
Hemispheric westerly jet, we conducted several sens-
itivity experiments using the CAM6 climate model.
The experiments aim to strengthen and weaken APV

(supplementary table S1). The first set of experi-
ments in supplementary table S1 used the nudging
zonal wind method to strengthen and weaken APV,
presented for 20%, 30%, 50%, and 80% changes in
APV (supplementary table S1 and figure S4). These
four variation amplitudes are less than or close to
one standard deviation of APV intensity change.
Figure 1(d) and supplementary figure S5 display the
simulated results of abnormal changes in zonal wind
between the strong and weak APV event experi-
ments (supplementary table S1). By comparing the
observational and simulated results (figures 1(b) and
(d)/supplementary figure S5), we deduce that simu-
lations altering APV at 50% and 80% intensities can
reproduce the significant connection between APV
and the observed Southern Hemispheric westerly jet
changes in the observed data (figure 1(d) and supple-
mentary figure S5(c)), but alterations at 20%and 30%
intensities cannot (supplementary figures S5(a) and
(b)). This indicates that changes in APV intensity can
indeed force the swing phenomenon in the Southern
Hemisphere westerly jet; only when APV intensity
changes reach around 50% or more can there be sig-
nificant changes in the SouthernHemispherewesterly
jet. The experimental results not only simulate the
impact of APV changes on the Southern Hemisphere
westerly jet but also clearly illustrate a wave train con-
nected to APV changes, spanning from the mid-high
latitudes of theNorthernHemisphere to themid-high
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Figure 2. Assessing the ripple effects of the Arctic stratospheric polar vortex on precipitation patterns in the Southern
Hemisphere. (a) Depiction of the correlation coefficient between the APVI from 1–14 February and zonal-mean omega
fluctuations from 15–28 February, spanning 1979–2022, drawn from ERA5 daily datasets. (b) A representation of the February
zonal-mean precipitation, crafted using the same comparative methodology as in (a). The omega values are extrapolated from the
ERA5 daily dataset, while precipitation insights hail from the GPCP monthly dataset, with both spanning the timeframe of
1979–2022. (c)–(d) These panels illustrate the simulated anomalies discerned between the strong APV event experiment (SA_50)
and its weaker counterpart (WA_50), as delineated in supplementary table S1. Specifically, (c) the zonal-mean omega, whereas (d)
the zonal-mean precipitation. Regions earmarked by dots in (a), (c) and squares in (b), (d) validate statistical significance at the
95% confidence interval, corroborated by the Student’s t-test.

latitudes of the Southern Hemisphere (figure 1(d)),
and this is also evident in the observational results
(figure 1(b)). Notably, the latitudinal wind change
magnitude due to an 80% change in APV (supple-
mentary figure S5(c)) is not more pronounced than
that caused by a 50% change in APV (figure 1(d)).
This nonlinear outcome will be a subject of further
discussion in the future.

Strong APV events result in the attenuation of
the northern branch of the Southern Hemispheric
westerly jet and the amplification of the southern
branch, prompting the jet center to lean towards
the South Pole. This poleward repositioning of the
extratropical jet aligns with the corresponding pole-
ward movement of the Hadley and Ferrel cells’
subtropical edge, as illustrated by the convergence
and divergence of wave momentum fluxes along
their polar and equatorial margins respectively (Kang
et al 2011, Hu et al 2019). Figure 2(a) depicts the
zonal-mean omega variations related to strong and
weak APV occurrences based on ERA5. Intense APV
events incite anomalous upwelling between 25◦ S–
35◦ S and anomalous downwelling from 40◦ S–
55◦ S (figure 2(a)). As a result, increased and
decreased precipitation is registered around 30◦ S
and 45◦ S, respectively, as inferred from GPCP data-
sets (figure 2(b)). Upon juxtaposing the observational
and simulated data (figures 2(a)–(d)), it is discerned

that the simulations nudging APV strength aptly mir-
ror the bond between APV and the fluctuations in the
Southern Hemispheric zonal-mean omega and rain-
fall observed empirically.

3.2. The ‘semicircular road’ of APV influencing
Southern Hemisphere through ‘westerly bridge’
Throughout the boreal winter, an upper-
tropospheric westerly expanse emerges over the
tropical central and eastern Pacific in the Northern
Hemisphere (figure 3(a)). From the vertical cross-
sectional diagram, it is evident that the tropical
westerlies function akin to a bridge, seamlessly
interlinking the atmospheric dynamism of the
Northern and Southern Hemispheres (figure 3(b)).
Previous researches emphasized that this westerly
domain facilitates the transference of Northern
Hemispheric waves to the Southern Hemisphere
(Webster and Holton 1982, Hoskins and Ambrizzi
1993, Enomoto and Matsuda 1999, Li et al 2019).
Our probing into the primary spatial patterns of
tropospheric zonal wind variations (at elevations
of 200–300 hPa, 400–500 hPa, and 600–700 hPa) via
the Empirical Orthogonal Function (EOF) unveils
a wave train configuration extending from the
North Pacific to the South Pacific at 200–300 hPa
(figure 3(c)).
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Figure 3. Elucidating the conduit through which the Arctic stratospheric polar vortex modulates the Southern Hemisphere. The
depiction of the climatological zonal wind, (a) averaged over pressures 200–300 hPa, and (b) the zonal-mean (180–60◦ W) zonal
wind climatology—both harnessed from the ERA5 monthly dataset for February. (c) The first leading mode procured from the
Empirical Orthogonal Function (EOF) analysis, executed on the zonal wind at pressure intervals: 200–300 hPa, 400–500 hPa, and
600–700 hPa, leveraging ERA5 monthly data for February. (d) Composite anomalies in the E-P flux and its
divergence/convergence, canvassed between February, for the spectrum of APV events (both strong and weak) extracted from
ERA5 daily data. Vector arrows annotate the magnitude and bearing of the wave components. Notably, the E-P flux’s
divergence/convergence is delineated at intervals of±0.3 m s d−1, with acceleration showcased in blue and deceleration in red.
(e) Composite anomalies of the 3D wave flux (computed using the methodology of Takaya and Nakamura 2001) for February
between strong and weak APV events at multiple pressure levels (100, 200, 300, 400, and 500 hPa) sourced from ERA5 daily data.
Again, vector arrows designate the magnitude and trajectory of the wave constituents. (f) A parallel exploration as that in (e),
albeit derived from the JRA-55 daily dataset. Anomalies in panels (d)–(f) are the result of juxtaposing February dominant APV
events (where APVI exceeds 1SD) against their weaker counterparts during the same timeframe (APVI below—1SD). The
analyses span the period from 1979 to 2022.

The mid-to-high latitudes of the Northern
Hemisphere encounter the strongest baroclinic atmo-
sphere during the boreal winter, generating numer-
ous tropospheric waves. While one wave moves
from mid-to-high latitudes towards the equator,
another ascends into the stratosphere. These wave-
guides exhibit interannual variations in opposing
directions, indicating that the strengthening of the
equator-bound waveguide in the upper troposphere
coincides with a weak polar waveguide. Previous
studies documented that during episodes of intens-
ified APV, the associated stratospheric wave flux is
downward implying anomalously low wave activity
as the vortex strengthens further via thermal relaxa-
tion. Below 100 hPa, anomalous wave fluxes are most

intense and directed equatorward (strong anomal-
ous poleward momentum flux) in the upper tropo-
sphere (Limpasuvan et al 2005). These waves are then
possibly transmitted to the Southern Hemisphere
through the Pacific’s westerly bridge (figures 3(a)
and (b)). Figure 3(d) illustrates the composite
anomalies of the E-P flux along with their diver-
gence between strong and weak APV events. As
observed in figure 3(d), the divergence anomalies
of the E-P flux display a characteristic semicircu-
lar road. This begins from mid-to-high latitudes
of the Northern Hemisphere’s troposphere, passes
through the high-altitude tropical troposphere (200–
300 hPa), and leads to the mid-to-high latitudes of
the Southern Hemisphere’s troposphere. The vector
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arrows of the E-P flux on this semicircular road
indicate a possible transfer of anomalous wave flux
from the Northern Hemisphere through the westerly
bridge to the Southern Hemisphere. The influx of
Northern Hemispheric eddy momentum fluxes into
the Southern Hemisphere results in the southward
swing of the eddy-driven jet by wave-flow interac-
tion (Webster and Holton 1982, Kang et al 2011, Hu
et al 2019), thereby influencing the distribution of
the westerly jet. Specifically, the anomalous conver-
gence of the E-P flux in the Southern Hemisphere
primarily occurs around 40◦ S, while the anomal-
ous divergence mainly takes place near 60◦ S. This
is consistent with the observed deceleration of the
northern branch and acceleration of the southern
branch of the Southern Hemispheric westerly jet
stream, implying a poleward swing of the jet stream’s
center.

To better illustrate the anomalies in the Northern
Hemisphere’s wave flux caused byAPV anomalies and
determine their possible propagation to the Southern
Hemisphere, we employed data sets from ERA5 and
JRA-55, using the method of Takaya and Nakamura
(2001) (refer to supplementary methods), we dia-
gnosed this issue by calculating the 3D wave activ-
ity flux. Figures 3(e) and (f) presents the compos-
ite anomalies of the 3D wave flux vector for strong
versus weak APV events based on ERA5 and JRA-55
datasets. Observations highlight the wave flux from
the Northern Hemisphere’s mid-latitudes (30◦ N–
60◦ N), within 180–60◦ W longitude, displaying an
anomalous southward propagation, especially prom-
inent at the 200 hPa and 300 hPa levels. These
results suggest that wave activity anomalies from the
Northern Hemisphere, attributed to APV, may tra-
verse the tropical westerly bridge to the Southern
Hemisphere.

Supplementary figure S6 illustrates the propaga-
tion pathways of atmospheric disturbance-induced
waves 1–5 trains from mid-high latitudes of the
Northern Hemisphere in the upper troposphere,
employing thewave raymethod (refer to supplement-
ary Methods). This method is akin to the pathways
of wave energy propagation at group velocity and
aptly captures the real-time transmission of atmo-
spheric wave flux. Originating between 30◦ N–60◦ N
and 150◦ E–120◦ W in the upper troposphere, our
analysis revealed that waves 1–5 disturbances con-
sistently reach mid-to-high latitudes in the Southern
Hemisphere by February. Theoretically, we demon-
strate that large-scale waves can traverse through the
westerly bridge to the Southern Hemisphere. As seen
in supplementary figures S6(a)–(e), with an increas-
ing wave number, the sources of disturbances (depic-
ted as black points in the figure) diminish. This reduc-
tion is attributed to the decreasing regions capable
of generating meridional transmitting waves as the
wave number escalates. Supplementary figure S7 por-
trays composite 200–300 hPa zonal wind anomalies

between strong and weak APV events in February.
A strong APV correlates with significant westerly
anomalies north of 60◦ N and pronounced east-
erly anomalies between 30◦ N–60◦ N in the tro-
posphere. This corresponds to the northward swing
of the Northern Hemisphere’s eddy-driven jet. A
clear wave train crossing the equator is also dis-
cernible over the tropical central and eastern Pacific.
In the Southern Hemisphere’s mid-to-high latitudes,
especially over the South Pacific, westerly anomalies
are observed south of 60◦ S, and easterly anom-
alies north of 60◦ S, indicative of the westerly jet
center’s southward shift. Given the robust response
of the South Pacific’s westerly winds to APV, sig-
nificant response signals have been noted for the
Southern Hemisphere’s zonal mean westerly winds
(figure 1). Supplementary figure S7(b) presents the
simulated result of abnormal changes in the upper
tropospheric zonal wind between strong and weak
APV events (SA_50 andWA_50 experiments, supple-
mentary table S1), which aligns with observed results
(supplementary figure S7(a)).

The second set of sensitivity experiments presen-
ted in supplementary table S2 sought to explore
the potential influence of swing in the Southern
Hemispheric westerly jet center—both southward
and northward—on significantmodifications in APV
(supplementary table S2 and figure S8). Figure 4(a)
showcases the simulated outcomes of abnormal
zonal-mean zonalwind changes between experiments
associated with southward and northward deviations
of the Southern Hemispheric westerly jet center.
The findings suggest that the intensity swings in the
Southern Hemisphere westerly jet do not substan-
tially influence APV.

To further corroborate the key bridging role of
westerlies over the tropical Pacific—as proposed in
our study—during the influence of APV anomalies
on the Southern Hemispheric westerly jet, we delved
into a third set of experiments. This set examined
the implications of APV intensity variations on the
Southern Hemisphere’s circulation while inhibiting
the wave flux transmission via the westerly bridge
(supplementary table S3 and figure S9). Here we
selected APV 50% variation as the research object.
Figure 4(b) represents the simulated zonal-mean
zonal wind anomalies between the strong and weak
APV event experiments, with a constant zonal wind
nudged in the tropical westerly region (SA_FWD and
WA_FWD experiments, supplementary table S3).
Our analysis infers that when a steady zonal wind
prevails over the tropical central and eastern Pacific,
the Southern Hemispheric westerly jet offers a min-
imal and insignificant response to APV anomalies
(figure 4(b)). Such results emphasize the important
role of the westerly bridge spanning the tropical cent-
ral and eastern Pacific in moderating the influence
of APV on the Southern Hemisphere’s atmospheric
dynamics.
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Figure 4. (a) Simulated February zonal-mean zonal wind anomalies resulting from variations in Southern Hemispheric Westerly
strength. Anomalies in simulated zonal-mean zonal wind between the Westerly Southward Swing (SHW_SS) and Westerly
Northward Swing (SHW_NS) experiments, as detailed in supplementary table S2. (b) Anomalies in simulated zonal-mean zonal
wind under fixed westerly bridge conditions. Anomalies in simulated zonal-mean zonal wind between the strong APV event
(SA_FWD) and weak APV event (WA_FWD) experiments, under fixed westerly bridge conditions over the tropical central and
eastern Pacific, as described in supplementary table S3. Areas marked with dots indicate statistical significance at the 95%
confidence level, evaluated using the Student’s t-test. (c) Information flow from the 1–7 February APVI to 7–13 February
zonal-mean zonal wind variations. (d) As in (c), but for 1–7 February Northern Hemisphere mid-to-high latitude zonal wind
(average 300–400 hPa, 180◦ W–180◦ E, and 60◦ N–70◦ N) to 7–13 February zonal-mean zonal wind variations. Analyses utilize
the ERA5 daily datasets from 1979 to 2022.

Due to the presence of the westerly bridge, it is
plausible that changes in the Northern Hemisphere’s
tropospheric circulation can simultaneously affect
the Arctic Polar Vortex (APV) and the Southern
Hemisphere’s circulation. The relationship we have
found in our article between the APV and the
Southern Hemisphere’s westerly jet stream could be
due to the APV’s changes influencing the Northern
Hemisphere’s tropospheric circulation, which then
impacts the Southern Hemisphere through the
westerly bridge, or it could be that changes in the
Northern Hemisphere’s tropospheric circulation
simultaneously affect the APV and the Southern
Hemisphere. Here, using daily ERA5 data, we discuss
the relationship between the February APV, Northern
Hemisphere tropospheric circulation, and Southern
Hemisphere tropospheric circulation through a lead-
lag correlation analysis.

Supplementary figure S10 shows the correlation
distribution of the February APV index with the
global zonal mean U at 0, 2, 4, 6, 8, and 10 d lag.
Based on supplementary figure S10, it can be seen
that during the process from 0 to 10 d delay, the APV
begins to correlate with the Northern Hemisphere’s
tropospheric westerlies on the 6th day, and by the
10th day, there is a correlation with the Southern
Hemisphere’s westerlies. Supplementary figure S11
shows the correlation distribution of the February
Northern Hemisphere mid-to-high latitude tropo-
spheric westerly changes with the global zonal mean
zonal wind at 0, 2, 4, 6, 8, and 10 d lag. It is observed

that during the process from 0 to 10 d delay (sup-
plementary figure S11), there is no significant cor-
relation between the Northern Hemisphere’s tro-
pospheric westerly changes and the lagged APV.
Supplementary figures S10 and S11 imply that in
February (when influenced by tropospheric planet-
ary waves, leading to strong variability of the polar
vortex), the connection among the APV, Northern
Hemisphere tropospheric circulation, and Southern
Hemisphere tropospheric circulation is more likely
due to changes in the APV causing anomalous
Northern Hemisphere tropospheric wave activity,
which then impacts the Southern Hemisphere’s
atmospheric circulation through the westerly
bridge.

To further substantiate the relationship between
the February APV, Northern Hemisphere tropo-
spheric circulation, and Southern Hemisphere tro-
pospheric circulation, we employed the information
flow method to investigate the causal relationships
betweenAPV,NorthernHemispheremid-to-high lat-
itude tropospheric westerly changes, and the global
zonal wind with an 8 d lag (figures 4(c) and (d)).
The impact of changes in APV can extend down-
wards into the troposphere after 8 d and be trans-
mitted to the Southern Hemisphere (figure 4(c)).
Meanwhile, changes in the Northern Hemisphere
mid-to-high latitude tropospheric westerlies do not
extend upwards into the stratosphere in the Northern
Hemisphere but have a significant impact on the
Southern Hemisphere (figure 4(d)).
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Figure 5. Schematic illustration of the mechanism by which an intensified Arctic stratospheric polar vortex influences the
Southern Hemisphere. In scenarios of an intensified APV, enhanced wave activities are propelled from the Northern Hemisphere’s
upper troposphere to the equator during boreal winter. This is complemented by the emergence of a tropical ‘westerly bridge’,
channeling these waves across the equator by a ‘semicircular road’ to impact the Southern Hemisphere’s mid-to-high latitudes.
The subsequent surge in the Southern Hemisphere’s eddy momentum flux steers a southward shift in both the westerly jet and the
Hadley cell’s southern fringe. The climatic ripple effect: heightened precipitation in the subtropics and a curtailed mid-latitude
rainfall during the austral summer.

4. Conclusion and discussion

In conclusion, our study uncovers that, due to
the presence of the tropical westerly bridge dur-
ing winter, anomalies in the Northern Hemisphere’s
tropospheric wave activity, induced by both strong
and weak APV events, can traverse a semicircu-
lar road, exerting a pronounced influence on the
Southern Hemisphere’s climate. This influence is
manifest as discernible shifts in wind velocity and
variations in precipitation distribution. This interac-
tion mechanism is schematically depicted in figure 5.
During a strong APV event, there’s a marked reduc-
tion in the upward propagation of waves from the
Northern Hemisphere’s troposphere to the strato-
sphere. This suppression allows a larger contingent
of waves to venture towards the equator, cross it via
the westerly bridge, and subsequently infiltrate the
Southern Hemisphere. This sequence instigates an
enhanced eddy momentum flux within the Southern
Hemisphere, compelling a southward migration of
both the westerly jet and the southern boundary of
the Hadley cell. Consequently, this dynamism res-
ults in an upsurge of precipitation in the subtropics
and a decline at the mid-latitudes of the Southern
Hemisphere. In contrast, a weak APV event cata-
lyzes a northward drift of the westerly jet and the
southern boundary of the Hadley cell, precipitating a
drop in subtropical rainfall and an elevation in mid-
latitude precipitation.While it is well-established that
APV exerts a considerable sway over surface climate
modulations in the Northern Hemisphere, our study

offers novel perspectives on the transhemispheric
ramifications of APV irregularities on the Southern
Hemisphere. Furthermore, it accentuates the imper-
ative of ongoing scrutiny into the complex choreo-
graphy of Earth’s atmospheric interactions. If that’s
the case, the nonexistence of the equatorial west-
erly bridge during the austral winter may poten-
tially hinder the influence of the Antarctic strato-
spheric polar vortex on the atmospheric circulation
of the Northern Hemisphere. For detailed insights
intowhy this relationship predominantlymanifests in
February and March, and the potential influence of
ENSO, please see the following.

In the central and eastern Pacific, the presence of
the westerly bridge spans from January to March, as
evidenced in supplementary figure S12. Our correl-
ation studies reveal that the correlation between the
APVI and alterations in the Southern Hemispheric
westerly jet emerges distinctly in February andMarch
(figures 1(b) and (c)). Remarkably, January exhib-
its no statistically significant correlation, as demon-
strated in January (figure 1(a)). The variations of the
Southern Hemisphere’s westerly jet during the aus-
tral summer seem to be modulated by the temper-
ature fluctuations within the Southern Hemispheric
polar vortex (Gillett and Thompson 2003, Perlwitz
et al 2008, Son et al 2008). Our analysis discerns
that the temperature variability of the polar vortex
in January (supplementary figure S13(a)) markedly
outstrips that in February and March (supplement-
ary figure S13(b) and (c)). As an upshot, in January
(supplementary figure S13(d)), the perturbations
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in the Southern Hemispheric westerly jet correlate
more robustly with the temperature of the Southern
Hemispheric polar vortex, compared to those in
February and March (supplementary figures S13(e)
and (f)). This implies a dominant role of the Southern
Hemispheric polar vortex temperature in modu-
lating January’s westerly jet shifts (supplementary
figure S13(d)), effectively overshadowing the poten-
tial influences of APV variability.

The first EOF1 of February’s zonal wind in
the Southern Hemisphere (spanning 30◦ S–90◦ S)
and the simultaneous time variation mode (prin-
cipal component, PC1) are delineated in supplement-
ary figure S14. This EOF1 mode of the Southern
Hemispheric zonal windmirrors the canonical ‘annu-
lar mode’ pattern (Limpasuvan and Hartmann 2000,
Thompson andWallace 2000). The correlation of the
PC1 of this archetype with the APVI yields a value
of 0.42, confidently surpassing the 95% confidence
threshold. This underscores that the February zonal
wind circulations in the Southern Hemisphere main-
tain a substantive associationwithAPV intensity vari-
ations. In the January timeframe, the principal com-
ponent analysis for zonal wind portrays the first and
second modes in supplementary figure S15 (depic-
ted as gray traces). These modes harmonize with
fluctuations in the Southern Hemispheric polar vor-
tex temperature (as represented by the red trace in
supplementary figure S15(a)) and APVI (blue trace
in supplementary figure S15(b)), registering correla-
tion coefficients of 0.55 and 0.50, respectively. This
analytical concurrence ratifies our earlier premise: in
January, the Southern Hemispheric polar vortex tem-
perature stands as the principal determinant of the
westerly jet’s shifts, with APV intensity playing a sec-
ondary role in shaping zonal wind perturbations.

ENSO and the stratospheric Quasi-Biennial
Oscillation (QBO) substantially influence the intens-
ity of APV and changes in the Southern Hemispheric
westerly jet (Holton and Tan 1980, Garreaud and
Battisti 1999, Manzini et al 2006, Garfinkel and
Hartmann 2007). To eliminate these impacts, we
subtracted the components linked to changes in
ENSO, and QBO from the zonal wind alterations. We
then recalculated the correlation coefficients between
APVI and zonal wind (supplementary figure S16).
The results suggest that the relationship between
APVI and changes in the Southern Hemispheric
westerly jet may be independent of these factors, as
removing the ENSO and QBO signals had minimal
impact on the outcomes.
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