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ENSO-driven abrupt phase shift in North Atlantic oscillation

in early January

Xin Geng 3

"2, Jiuwei Zhao @' and Jong-Seong Kug

El Nifio-Southern Oscillation (ENSO) teleconnections exhibit a strong dependency on seasonally and intraseasonally varying mean
states, leading to impactful short-term variations in regional climate. The North Atlantic Oscillation (NAO)-ENSO relation is a typical
example, in that its phase relationship reverses systematically between the early and late winter. Here based on observations and
an ensemble of atmosphere-only climate model simulations, we reveal that this NAO phase reversal occurs synchronously in early
January, showing strong abruptness. We demonstrate that this abrupt NAO phase reversal is caused by the change in ENSO-
induced Rossby wave-propagating direction from northeastward to southeastward over the northeastern North American region,
which is largely governed by a climatological alteration of the local jet meridional shear. We also provide evidence that the North
Atlantic intrinsic eddy-low-frequency flow feedback further amplifies the NAO responses. This ENSO-related abrupt NAO change
offers an avenue for intraseasonal climate forecasting in the Euro-Atlantic region.
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INTRODUCTION

As the most consequential mode of interannual climate variability,
the El Nifo-Southern Oscillation (ENSO)' triggers pronounced
impacts on weather and climate around the globe® Although
climate responses in the North Pacific and North America have been
relatively well understood®>, the ENSO effects on circulation over
the remote Euro-Atlantic sector are more controversial®. Early studies
argued that no evident ENSO-related climate traces could be
detected there”®. However, many subsequent observational diag-
noses and modeling experiments suggested that ENSO footprints
do exist over the Euro-Atlantic sector but exhibit highly asymmetric
and nonstationary features®'®. For example, the teleconnection
undergoes substantial intraseasonal variations from November to
March''='3, In early winter (November-December), the response to a
warm ENSO event features a negative geopotential height anomaly
in the northern North Atlantic and a positive anomaly in the south,
which spatially projects onto a positive phase of the North Atlantic
Oscillation (NAO)'>'%'5, As the center of the anomaly is shifted
slightly southward relative to the NAO pattern, some studies also
refer to it as a positive phase of the East Atlantic pattern'®'’. In late
winter (January-March), however, a pattern that manifests as an
evident negative NAO phase is observed'®1°,

Previous studies have proposed various mechanisms for under-
standing these wintertime NAO responses to ENSO forcing. During
an El Nifio/La Nifa early winter, strong convection anomalies in the
tropical Indian-western Pacific Ocean'®'®> and/or the Gulf of
Mexico-Caribbean Sea'>?° could excite Rossby wave trains that
reach the North Atlantic and then lead to a positive/negative NAO
phase. However, during late winter, the linkage is more
complicated. First, the decayed tropical North Atlantic (TNA) sea
surface temperature (SST) anomalies in response to ENSO forcing
become robust during this period and may exert a modulation
effect on the NAO atmospheric circulation®'?2, Also, the ENSO-
induced positive/negative convection anomalies in the tropical
central-eastern Pacific strengthen during late winters and start

playing an overwhelming role in generating various low-frequency
Rossby waves or transient eddies propagating downstream from
the North Pacific to the North Atlantic, which in turn gives rise to a
negative/positive NAO pattern'®?3, In addition, a chain of strato-
spheric processes emerges as another key mechanism that works
together with the aforementioned tropospheric pathways'>'°.
Under El Nifo conditions, the deepened Aleutian low that is
associated with the amplification of wavenumber one and
enhanced wave activity upward propagation into the lower
stratosphere leads to deceleration of the stratospheric polar
vortex?*. These stratospheric circulation anomalies then propagate
downward and result in a subsequent late winter-negative NAO
anomaly'®252%, The opposite generally happens during La Nifa
conditions, particularly for strong events®*?’,

Despite being studied extensively, our understanding of the
wintertime Euro-Atlantic atmospheric responses to ENSO on
intraseasonal timescales is still immature. In particular, the
previous studies concentrated mostly on the NAO responses
during either the early or late winter of ENSO events. When and
how this NAO phase transition occurs from December to January
remains overlooked and unexplored. In the current study, using
the high temporal resolution daily reanalysis datasets and
abundant Atmospheric Model Intercomparison Project (AMIP)
simulations that were part of the Coupled Model Intercomparison
Project phase 6 (CMIP6), we reveal that the NAO response to ENSO
within the boreal winter undergoes an abrupt phase reversal,
which occurs synchronously in early January. A tropospheric
mechanism is then proposed to physically understand this phase-
locked intraseasonal ENSO teleconnection change.

RESULTS
Abrupt ENSO-NAO teleconnection reversal

We begin by examining the regressed Euro-Atlantic (70°-0°W)
zonal mean daily sea-level pressure (SLP) anomalies with respect to
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the Nifio-3.4 index from December to January, as shown in Fig. 1a.
There clearly exists a prominent NAO phase transition, from
positive to negative, in early January of the ENSO warm phase
winter. From December 1 to about January 5 (hereafter referred to
as P1), the Euro-Atlantic region is characterized by an SLP anomaly
pattern of a positive NAO phase in response to the El Nifio forcing
(Supplementary Fig. 1a). However, from January 10 until about
January 25 (hereafter denoted as P2), the atmospheric pattern
abruptly reverses its distribution with evident positive SLP
anomalies in the north and negative anomalies in the south, which
project onto an evident negative NAO phase (Supplementary Fig.
1b). The ENSO-regressed NAO index also shows a consistent
feature, with an abrupt phase reversal, around January 8.

We then display the Euro-Atlantic SLP anomalies during the two
super El Nifio winters, namely the winters of 1997-98 and
2015-16. It is clear that the anomalies also exhibit an obviously
strong NAO phase reversal from positive to negative in early
January (Fig. 1b), consistent with the former regression results. It
should be noted that we do not show the NAO anomalies during
another 1982-83 super El Niflo winter because there was a strong
El Chichén volcanic eruption that occurred in the spring of 198228,
Such an event can exert remarkable impacts on the Euro-Atlantic
atmospheric circulation for about 1-2 years after the eruption?°3°.

To further consolidate this phenomenon, we adopt a suit of 26
AMIP-style simulations derived from CMIP6 experiments (see
details in Methods) to conduct a parallel analysis. The results
based on the multi-model ensemble mean (MME) are displayed in
Fig. 1c. It is found that the simulated ENSO-regressed SLP pattern
and NAO index also feature abrupt NAO phase transitions, from
positive to negative, in early January of the El Nifio winter. Even
the transition timing agrees adequately with the observational
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counterpart (Fig. 1c). However, given the non-negligible inter-
model spreads (Supplementary Fig. 2a), we evaluated the
performance of each model by comparing the ENSO-related
Euro-Atlantic zonal mean (70°-0°W) daily SLP evolution pattern
with the observations. We then select the ten best AMIP models
(AMIP-B10) based on the pattern correlations because they
consistently better reproduce this abrupt NAO phase reversal
(Supplementary Fig. 2).

It is well known that the NAO is a leading atmospheric mode
over the Euro-Atlantic region and is responsible for considerable
local weather and climate predictability®'>2. The corresponding
regional climate anomalies were thus examined. As expected,
rapid changes in terms of the anomalous low-level winds and
surface air temperatures from P1 to P2 are detected (Fig. 1d).
Prominent temperature warming prevails in the regions of eastern
Canada, Greenland, and North Africa, whereas strong northerly
wind anomalies with rapid cooling occur in western Europe and
eastern America. This is a typical climate response to a decrease in
the NAO. The aforementioned results imply that this intraseasonal
NAO phase reversal signal during ENSO in early January is robust
enough to be applied to the operation of regional climate
prediction.

Possible physical mechanisms

We now turn to explore the possible mechanisms responsible for
this NAO phase reversal in response to ENSO forcing. It is unlikely
that this abrupt intraseasonal ENSO teleconnection change can be
explained by ENSO local SSTs because SST anomalies in the
central-eastern tropical Pacific are highly persistent during the
boreal winter season®3. We first examine ENSO-related
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Fig. 1 An abrupt ENSO-NAO teleconnection reversal in early January. Regression coefficients of the North Atlantic zonal mean (70°-0°W)
daily SLP (shadings in hPa) and NAO index (green curve) with respect to Nifio-3.4 index from December to January for a observations and
¢ the multi-model ensemble mean (MME) of the AMIP simulations. b The North Atlantic zonal mean (70°-0°W) daily SLP anomalies during the
1997-98 (shadings in hPa) and 2015-16 (contours in hPa) super El Nifio winters. d Regression coefficients of observational surface air
temperature (shadings in K) and 850-hPa wind (vectors in ms™") shifts from P1 (December 1 to January 5) to P2 (January 10 to 25) with respect
to Nifio-3.4 index. Dark blue dashed, vertical lines roughly denote the NAO phase transition timing. Dots and wind vectors are displayed only
when the values are significant at the 90% confidence level (calculated using a two-tailed Student’s t-test).
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stratospheric daily anomalies because the stratosphere has been
considered a major medium that leads to the late winter ENSO
influence over the Euro-Atlantic sector'®2>2%, However, in our
case, no significant stratospheric signal propagates downward to
influence the troposphere during December-January (Supple-
mentary Fig. 3a, b), which is consistent with previous studies
suggesting that the stratospheric signal generally propagates
downward during the midwinter and does not reach the surface
until February'®?>2%, The earlier occurrence of the NAO phase
transition in early January implies that tropospheric pathways of
ENSO influence are more important'®. The tropospheric processes
modulated by boundary conditions are then analyzed, which
mainly include a delayed local TNA SST modulation®'?2 and/or
Rossby wave trains excited by the ENSO-induced tropical
convection that propagates into the Euro-Atlantic region'?1>20,
Unfortunately, the spatial patterns and amplitudes of ENSO-
related TNA SSTs (Supplementary Fig. 3c, d) and tropical
convection anomalies (Supplementary Fig. 4a, b) during P1 and
P2 are quite similar. Although the amplitudes of the tropical
rainfall responses show some intraseasonal variations, e.g. the
convection anomalies in the central Pacific are apparently
enhanced (Supplementary Fig. 4), they have the same sign of
the anomaly and thus cannot directly explain the abrupt NAO
phase transition from positive to negative in the early January of El
Nino winter.

Next, we compare the atmospheric anomalies in the tropo-
sphere directly. Figure 2 shows the ENSO-regressed, 250-hPa
geopotential height anomalies for P1 and P2. To illustrate the
wave energy propagation, the associated wave activity flux (WAF)
(see details in Methods) is also displayed. It can be seen that
during El Nifio P1, two evident Rossby wave trains propagate
poleward from the tropical central Pacific and the Indo-western
Pacific to the North Pacific. These wave energies continue heading
northeastward across North America and then arrive in the North
Atlantic region. This gives rise to the negative geopotential height
anomalies around Iceland, which project onto a positive NAO

X. Geng et al.

npj

3
pattern (Fig. 2a). During El Nifio P2, the Rossby wave train
emanated from the tropical central Pacific becomes dominant.
And the wave characteristics in North America-North Atlantic
sector are dramatically different from those in El Nifo P1. The
wave energy during P2 heads southeastward rather than north-
eastward before it enters the North Atlantic region. This results in
the negative geopotential height anomalies shifting southward
from Iceland to the Azores. The shift in anomalies projects onto a
negative NAO phase and is therefore responsible for the NAO
phase reversal (Fig. 2b). The change in Rossby wave propagation
direction from P1 to P2 is also visible in the AMIP simulations (Fig.
2¢, d and Supplementary Fig. 5). Therefore, we suggest that the
proximate cause of NAO phase reversal in early January during
ENSO events is the Rossby wave-propagating direction change
over the northeastern North American region. To determine the
origin of the Rossby wave, the tropical Indo-western Pacific and
central Pacific precipitation indices are defined (i.e., Pr_IOWP and
Pr_CP, see details in Methods). Partial regression analysis
(Supplementary Fig. 6) suggests that the Rossby wave train with
different propagation directions primarily stems from the tropical
central Pacific forcing. The Pr_IOWP-related Rossby wave train
shows similar characteristics during P1 and P2, both projecting
onto the positive phase of the NAO when it reaches the North
Atlantic. Therefore, the Pr_IOWP forcing is not the main initiator of
this abrupt NAO phase reversal. However, together with the Pr_CP
forcing, the Pr_IOWP anomaly does contribute to the generation
of the positive NAO response during El Nifio P1 (Supplementary
Fig. 7). This is consistent with previous studies emphasizing the
role of the Pr_IOWP in generating the positive NAO response in
ENSO early winter'3-15,

It is now clear that the ENSO-induced Rossby wave-propagating
direction change over the northeastern North American region is
important. How this change takes place becomes the next
scientific question to be addressed. Because the propagating
direction change is confined mostly to the meridional component
of the WAF (i.e, F), we then decompose this F, into four terms
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Fig. 2 Change in ENSO-induced Rossby wave-propagating direction leads to the abrupt NAO phase reversal. Regression coefficients of
a, ¢ P1 and b, d P2 250-hPa geopotential height anomalies (shadings and contours in m) with respect to the Nifio-3.4 index and the associated
wave activity flux (WAF, vectors in m2s—2) for a, b observations and ¢, d the MME of the AMIP-B10 simulations. The black box (40°-60°N,
60°-90°W) outlines the area that features distinct Rossby wave-propagating directions between P1 and P2. Dots are displayed when the
geopotential height anomalies are significant at the 90% confidence level (calculated using a two-tailed Student’s t-test). The WAF flux is
shown only when its magnitude is larger than a, b 0.04 and ¢, d 0.02 m2s~2, respectively.
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(see details in Methods) for these two periods, over the target
region. The latitudinal distributions of the F, and its four
constituents for P1 and P2 are displayed in Fig. 3a, b. As we can
see, F, over northeastern North America is positive in P1 but
negative in P2, which corresponds well with the respective
northward and southward WAF propagation in the two periods.
Whereas “term 3” and “term 4” are small, “term 1” and “term 2"
both show larger amplitudes and are jointly responsible for the F,
anomalies. According to Eq. (2), which is described in Methods, the
energy propagation associated with “term 1” and “term 2"
respectively depends on —u/v/ and —Lp/g—‘g, as the background U
at 250-hPa is positive. The —urv/ and —zp/a—‘g, however, are
determined by the horizontal structure of the stream function
anomaly. If the anomaly shows an isotropic structure (i.e., —umv/ ~
0 and —w/g—g ~ 0), the wave energy will hardly propagate
meridionally. If the positive anomaly pattern is deformed to have
a northwest-southeast tilt, these two terms will be positive (i.e.,
—uvt>0 and —w/% >0) and, therefore, will prompt the Rossby
wave energy to head northward. On the contrary, it will propagate
southward if the positive anomaly has a northeast-southwest tilt
(i.e, —urv/<0 and —(,U/%<O). This is confirmed by the spatial
patterns of the ENSO-reTated atmospheric anomalies over the
northeastern North American region (Fig. 2a, b). We indeed
observe that the positive geopotential anomalies exhibit a
northwest-southeast tilt in P1 but a northeast-southwest tilt in
P2. However, why do the atmospheric circulation anomalies over
northeastern North America have spatial structures with different
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tilting directions in the two periods? This is another scientific
question to be resolved.

We assume that this change in the Rossby wave-propagating
direction is associated with the atmospheric mean state alteration
between the two periods. The climatological distribution of the
250-hPa zonal wind and its spatial change from P1 to P2 are
displayed in Fig. 3c. During P1, it shows an evident Atlantic jet
over the western Atlantic region, with a central wind speed higher
than 40 ms~'. To the north of this Atlantic jet, the westerly wind
speed decreases with latitude. The westerly is, therefore, stronger
in the south and relatively weaker in the north, over the
northeastern North American region. This zonal wind distribution
is conducive to forming atmospheric anomalies with a
northwest-southeast tilt. From P1 to P2, however, the westerly
wind speed accelerates at about 55°N but decelerates at about
40°N. This climatological change weakens the meridional shear of
the Atlantic jet on its north edge, which favors tilting of the
atmospheric anomaly in a northeast-southwest direction.

To consolidate our hypothesis, we define a zonal wind
meridional shear index (U250_shear index) as the climatological
zonal wind difference between the regions of 40°-50°N, 60°-90°W,
and 50°-60°N, 100°-120°W, which are marked in Fig. 3c. The time
evolutions of this U250_shear index and the area-averaged F,,
‘term 1’ and ‘term 2’ over northeastern North America are
displayed in Fig. 3d. It can be seen that all four variables
consistently show sharp changes in early January. The U250_shear
index first shows a climatological decrease around January 3,
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Fig.3 Climatological alteration of Atlantic jet meridional shear determines the change in Rossby wave-propagating direction. Latitudinal
distributions of the meridional component of 250-hPa WAF (F,) and its four constituents (curves in m?s~2) with respect to the Nifio-3.4 index
over the northeastern North American region (40°-60°N, 60°~90°W) during a P1 and b P2 for observations. ¢ Spatial pattern of climatological
250-hPa zonal wind (contours in ms~") during P1 for observations. The shadings (units: ms~') show the corresponding climatological 250-hPa
zonal wind differences between P2 and P1. d Time evolution of the climatological 250-hPa zonal wind meridional shear index, regression
coefficients of Fy, and its two dominant constituents (i.e, “term 1” and “term 2") with respect to the Nifo-3.4 index averaged over the
northeastern North American region (40°-60°N, 60°-90°W) for observations. The yellow (40°-50°N, 60°-90°W) and green (50°-60°N,
100°-120°W) boxes in (c) outline the two regions used to define the zonal wind meridional shear (U250_shear) index.
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which leads to a significant change of the F, and its components
“term 1” and “term 2" around January 6. As a result, the NAO
phase is reversed around January 8. This lead-lag relationship
between these three phenomena can be further verified by their
time evolution and also by the lead-lag correlations among them
(Supplementary Fig. 8). The AMIP simulations also simulate
changes in the F, and its two components, and the associated
climatological zonal wind shifts to a large extent (Supplementary
Fig. 9). Importantly, the lead-lag relationship between the changes
in the climatological zonal wind, F,, and the NAO phase reversal
can also be realistically captured despite slightly different lead-lag
days compared to the observations (Supplementary Fig. 10).
However, the change in F, can only explain the negative anomaly
in the region of the Iceland during El Nifio P1 and in the region of
the Azores during El Nifio P2, which is only one of the two lobes of
the NAO dipolar pattern. The mechanisms responsible for the
establishment of the other NAO polarity remain to be elucidated.

It is well known that the NAO is an intrinsic atmospheric mode
that is closely involved in local synoptic eddy-low-frequency flow
feedback®*3>, This strong eddy-low-frequency flow feedback
generally follows the “left-hand rule.” In other words, the eddy
vorticity fluxes are directed preferentially about 90 degrees toward
their left-hand side so that they converge into the cyclonic flow
and diverge from the anticyclonic flow>53’. Therefore, if we have
negative atmospheric anomalies over the North Atlantic, the eddy
vorticity fluxes organized by the cyclonic flow will work to amplify
and facilitate the NAO dipolar structure. To confirm this theoretical
inference, we display the ENSO-regressed anomalous 250-hPa
stream function and eddy vorticity fluxes for P1 and P2 in Fig. 4.
The eddy vorticity fluxes indeed follow the “left-hand rule” as they
are directed toward the left-hand side of the low-frequency flow.
During El Nifio P1, the eddy vorticity fluxes converge into the
anomalous cyclonic flow at high latitudes. This inevitably leads to
a divergence in the south and thus generates a positive stream
function anomaly there, which forms a complete positive NAO
response. During El Nifio P2, the eddy vorticity fluxes converge
into the anomalous cyclonic flow in the middle latitudes, which is
induced by the Rossby wave trains. This also results in a
divergence in the north and thus generates a positive atmospheric
anomaly there, which projects onto a completely negative NAO
dipolar pattern. The amplifying role played by North Atlantic
eddy-low-frequency flow feedback can also be clearly detected in
AMIP simulations (Supplementary Fig. 11). Therefore, we suggest
that this North Atlantic intrinsic positive synoptic eddy feedback
serves as an additional mechanism that facilitates a complete NAO
dipolar response during the two periods of ENSO winter. In
addition, the presence of such strong positive eddy feedback
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helps the NAO phase reversal more sharply than the basic state
changes.

DISCUSSION

Previous studies demonstrated that the atmospheric anomalies
over the Euro-Atlantic sector are the opposite between early and
late ENSO winters. This disparate response is suggested to occur
between December and January as the monthly anomalies project
onto positive and negative NAO phases, respectively. Despite
being widely studied, our understanding of the detailed evolu-
tionary features and physical processes of this signal transition
remains immature. In this study, we identify that this NAO phase
reversal occurs abruptly and synchronously in early January of
ENSO winter. Analyses with regard to the physical mechanisms
suggest that the hypotheses proposed by previous studies,
including the stratospheric pathway'®2>2¢ and/or the modulation
by tropical SST?'*? or convection change'>'*'°, do not show
synchronous influencing signals that can explain the abrupt
change in NAO anomalies (Supplementary Figs. 2, 3). This may be
because the short-term intraseasonal NAO variability is more
immediately driven by tropospheric internal processes*®*°, and
thus the low-frequency mechanisms may have limitations in
capturing the abruptness.

We, therefore, propose a tropospheric mechanism by suggest-
ing that this ENSO-NAO teleconnection reversal stems from an
ENSO-induced Rossby wave-propagating direction change, from
northeastward to southeastward, before it enters the North
Atlantic region. The shift in the propagating direction is associated
with the spatial tilt change in the atmospheric perturbations over
the northeastern North American region, which in turn is
governed by the climatological alteration of the North Atlantic
jet meridional shear. We also found that the North Atlantic
intrinsic eddy-low-frequency flow feedback works as an amplifier
to further facilitate the NAO responses before and after its phase
transition.

Our findings have important implications for exploiting the
intraseasonal predictability of the NAO and Euro-Atlantic climate
associated with ENSO because NAO is the dominant atmospheric
mode that affects climate variability in the North Atlantic rim3'32,
The results also revealed that ENSO could impact the climate
system through extensive interaction with the fast-varying back-
ground states. This leads to a frequency cascade in the
atmospheric circulation that is characterized by deterministic
high-frequency variability*°. Also, under greenhouse warming, the
properties of both ENSO*'*? and the Atlantic jet**** have
changed systematically. For example, owing to increased eastern
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Fig. 4 North Atlantic intrinsic eddy-low-frequency flow feedback further facilitates the NAO dipolar responses. Regression coefficients of

a P1 and b P2 250-hPa geostrophic stream function anomalies (shadings in 10° m

2572) and eddy vorticity fluxes (vectors in 107> ms~2) with

respect to the Nifo-3.4 index for observations. Dots are displayed when the stream function anomalies are significant at the 90% confidence

level (calculated using a two-tailed Student’s t-test). The eddy vorticity flux is shown only when its magnitude is larger than 0.3 x 107> ms™
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Pacific tropical rainfall variability, the late winter ENSO-NAO
teleconnection is suggested to be considerably reinforced in a
warmer world*>, It is, therefore, worthwhile to investigate how
this abrupt ENSO-North Atlantic teleconnection reversal in early
January responds to a future warming climate.

METHODS

Reanalysis and observational products

The utilized monthly SST datasets (1950-2021) are the National
Oceanic and Atmospheric Administration extended reconstructed
SST V5 data®’ with a horizontal resolution of 2° longitude x 2°
latitude. Daily SST and precipitation datasets (1950-2021) are
derived from the fifth generation of the European Centre for
Medium-Range Weather Forecasts reanalysis (ERA-5)*® with a
horizontal resolution of 1° longitude x 1° latitude. Other daily
atmospheric circulations are investigated based on the National
Centers for Environmental Prediction/National Center for Atmo-
spheric Research (NCEP/NCAR) reanalysis data*® with a horizontal
resolution of 2.5° longitude x 2.5° latitude. Anomalies were
derived relative to the daily mean climatology over the entire
study period (1950-2021). A linear trend was removed to avoid
possible influences associated with global warming or long-term
trends. We also performed a 9-day running mean to exclude any
possible noise disturbances caused by synoptic variability. All
statistical significance tests were performed using the two-tailed
Student’s t-test. The NAO index is defined by the difference in
normalized SLP anomalies between 35°N and 65°N over the North
Atlantic sector (zonally averaged from 80°W to 30°E)*°. ENSO
events are identified based on a threshold of +0.5 standard
deviations of the December to February (DJF) average Nifo-3.4
index (averaged SST anomaly in the domain of 5°S-5°N,
120°-170°W). With this method, we can obtain 22 El Nifio years:

1953-54, 1957-58, 1958-59, 1963-64, 1965-66, 1968-69,
1972-73, 1976-77, 1977-78, 1979-80, 1982-83, 1986-87,
1987-88, 1991-92, 1994-95, 1997-98, 2002-03, 2004-05,
2006-07, 2009-10, 2015-16, and 2018-19; and 23 La Nifa years:
1950-51, 1954-55, 1955-56, 1964-65, 1967-68, 1970-71,
1971-72, 1973-74, 1974-75, 1975-76, 1984-85, 1988-89,
1995-96, 1998-99, 1999-00, 2000-01, 2005-06, 2007-08,

2008-09, 2010-11, 2011-12, 2017-18, and 2020-21. We also
tested various thresholds such as +0.75 or +1 standard deviations
of the Nifo-3.4 index to select the ENSO events, and the results
are qualitatively consistent.

To determine the relative role of the convection anomalies in
the central Pacific and those in the tropical Indo-Western Pacific in
the NAO phase reversal, two precipitation indices based on the
ENSO-regressed anomalies (Supplementary Fig. 4a) are defined.
The tropical Indo-western Pacific index (Pr_IOWP) is defined as the
difference between the area-averaged precipitation anomaly in
the tropical Indian Ocean (4°S-6°N, 40°-90°E) and the western
Pacific (2°-16°N and 110°-150°E). And the tropical central Pacific
index (Pr_CP) is defined as the area-averaged precipitation
anomaly in the region of 5°S-5°N, 160°E-180°-120°W.

Multi-model CMIP6 simulations

Daily outputs from the 26-model CMIP6 AMIP simulations®’ are
utilized to verify and evaluate the atmospheric model responses
to observed variations in SST. Details of these models are
described in Supplementary Table 1. We analyze the AMIP results
from 1979 through to the end of the experiment, in 2014. The
horizontal resolutions were interpolated to 2.5° longitude X 2.5°
latitude. For each model, only one ensemble member is used,
mostly r1i1p1f1, with four exceptions (see details in Supplemen-
tary Table 1).
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WAF

To analyze the source and direction of energy propagation, the
WAF developed by Takaya and Nakamura®? is applied. The WAF is
parallel to the local group velocity that corresponds to the
stationary Rossby waves and is independent of the wave phase®2.
It has been considered a useful tool for supplying information
about wave propagation and is defined as

u_ | ()| v (waw _ oy

p COSd) aZcos2¢ oA v A2 a2 cos¢p | oA 9¢ ¥ Ao
2|U‘ U oy Y + v oy 2 R
aZcosp | A 3p v NP a? op ¥ p?

where p is the pressure normalized by 1000 hPa, a is Earth’s radius,
@ is the latitude, and A is the longitude. The geostrophic stream
function ¢ is defined as z/f, where z is the geopotential, and f
(= 2Qsineg) is the Coriolis parameter with the Earth’s rotation rate
(Q). Also, |U], U, and V represent the basic states of wind speed and
zonal and meridional wind, whereas ¢’ denotes the perturbed
stream function.

To explore the reasons for the changes in the WAF meridional
component, we decompose F, into four components, as follows:

_pU a_(p’%_ pU o azlp’+chos¢ a_lp’ 2_chos¢ o2y
Y7 2a2|U| 9A 3¢ 2a*|U|T 9Xd¢ | 2a?|U| \ 3¢ 2a2|U] © a¢?
term1 term2 term3 term4
77pUcos¢u,v,7pUcos¢ ,aiv’erVcosqﬁu,z pV cos¢p ,y
T a0 Yas T Ul 2a0] Y 3
————— e
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)

Eddy vorticity flux

To obtain the synoptic eddy variability, the daily mean zonal, and
meridional winds are bandpass filtered in a period of 2-8 days,
using a Lanczos filter (using 41 weights®3). The low frequency is
defined as the 9-day running mean value. Following previous
studies3®37, we define eddy vorticity fluxes as follows to describe
the forcing of the synoptic eddies on low-frequency flow:

VF = (VFy, VF)) = (W V) B

Here, v/, v’ and ' denote the bandpass filtered zonal, meridional
winds, and vorticity. The overbar represents the 9-day running
mean. The superscript, a, indicates the anomaly from the
corresponding climatology. The convergence (divergence) of the
eddy vorticity flux indicates the cyclonic (anticyclonic) vorticity
tendency of the low-frequency flow. Because the rotational
component of the eddy vorticity flux does not influence the
low-frequency flow, only the divergent component is examined in
this study.

Statistical significance test
All our results are tested based on the two-sided Student’s t-test.

DATA AVAILABILITY

All observational data used in this study are publicly available and can be
downloaded from the corresponding websites. ERA5: https://www.ecmwf.int/en/
forecasts/datasets/reanalysis-datasets/era5; ~ NCEP/NCAR reanalysis: https://
psl.noaa.gov/data/gridded/data.ncep.reanalysis.ntml; The CMIP model data used in
this study can be obtained from the CMIP6 archives at https://esgf-node.linl.gov/
search/cmip6/.

CODE AVAILABILITY

The code for the analysis in this paper is available from the authors upon reasonable
request.
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