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ABSTRACT: The western-central equatorial Pacific (WCEP) zonal wind affects El Niflo-Southern Oscillation (ENSO)
by involving a series of multiscale air—sea interactions. Its interannual variation contributes the most to ENSO amplitude.
Thus, understanding the predictability of the WCEP interannual wind is of great importance for better predictions of
ENSO. Here, we show that the North Pacific Oscillation (NPO) and the South Pacific Oscillation (SPO) alternate in fuel-
ing this interannual wind from late boreal winter to austral winter in the presence of background trade winds in different
hemispheres. During the boreal winter—spring, the NPO registers footprints in the tropics by benefiting from the Pacific
meridional mode and modulating the northwestern Pacific intertropical convergence zone (NITCZ). However, as austral
winter approaches, the SPO takes over the role of the NPO in maintaining the anomalous NITCZ. Moreover, the interan-
nual wind is further driven to the east in the positive phase of the SPO, by intensified central-eastern equatorial Pacific con-
vection resulting from tropical-extratropical heat flux adjustments. A reconstructed WCEP interannual wind index
involving only the NPO and the SPO possesses a long lead time for ENSO prediction of nearly one year. These two extra-
tropical boosters enhance the viability of equatorial Pacific zonal wind anomalies associated with the large growth rate of
ENSO, and the one in the winter hemisphere seems to be more efficient in forcing the tropics. Our result further indicates
that the NPO benefits a long-lead prediction of the WCEP interannual wind and ENSO, while the SPO is the dominant ex-
tratropical predictor of ENSO amplitude.

SIGNIFICANCE STATEMENT: ENSO is closely linked to the interannual variability of equatorial Pacific zonal
wind, and ENSO prediction is impeded by the weak predictability of the wind. We have found that the North
Pacific Oscillation and the South Pacific Oscillation take turns in affecting the interannual variability of the zonal
wind from the late boreal winter to austral winter, and the winter hemisphere extratropical booster is more effi-
cient in modulating tropical convection and the associated surface winds. An estimated zonal wind index con-
structed by the two extratropical precursors possesses a long lead time for ENSO prediction. Our result provides
useful information for better predicting ENSO by further considering winter hemisphere extratropical climate
variability.
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1. Introduction westerly wind events over the western-central equatorial
Pacific (WCEP), defined as westerly wind bursts (WWBs),
have attracted substantial research interest due to their signifi-
cance to ENSO predictability (Luther et al. 1983; McPhaden
et al. 1992; Harrison and Vecchi 1997; Mo 2000; Chen et al.
2015; Lian et al. 2018; Fu and Tziperman 2019). The causes of
these extreme westerly wind anomalies have been investigated
within the tropics (e.g., Fu and Tziperman 2019). They could be
related to high-frequency atmospheric variations such as the
Madden-Julian oscillation (Zhang 1996; Fasullo and Webster
Denotes content that is immediately available upon publica-  2000; Kessler and Kleeman 2000; Hendon et al. 2007) and trop-
tion as open access. ical cyclones (Keen 1982; Lian et al. 2019). Although with
short durations (no longer than 30 days), WWBs are consid-
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Equatorial Pacific zonal wind is a dominant factor that influ-
ences the evolution of El Nifio-Southern Oscillation (ENSO;
Bjerknes 1969). El Nifio, the warm phase of ENSO, is usually
accompanied by a strengthened and eastward extended anom-
alous westerly wind that slackens the Walker circulation (Yu
et al. 2003; Tziperman and Yu 2007). Particularly, strong
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Kessler et al. 1995; Seiki and Takayabu 2007; Chiodi et al.
2014). These eastward-propagating equatorial oceanic waves
warm the eastern Pacific subsurface. Then, the consequent sea
surface temperature (SST) variations enhance central-to-eastern
tropical Pacific convection to the east of wind anomalies, which
in turn strengthens the anomalous westerly wind and leads to a
large growth rate of El Nifio (Eisenman et al. 2005; Cai et al.
2020). Thus, the changes in the equatorial surface zonal wind
not only reflect the perturbation caused by convection, but also
modulate the underlying upper ocean, coupling ocean, and at-
mosphere through multiplicate feedback loops (Bjerknes 1969;
Cai et al. 2012, 2015, 2020; Timmermann et al. 2018). However,
predictions of ENSO relying on the WCEP zonal wind are
still impeded by the weak predictability of the wind itself
and by a lack of insight into its efficiency on SST variations
(Bergman et al. 2001; Gebbie and Tziperman 2008; Seiki
et al. 2011; Christensen et al. 2017; Tan et al. 2020).

More recently, it has been revealed that the WCEP zonal
wind has a broad spectrum and contains variances in different
frequencies, supposing the wind is partially stochastic (Roulston
and Neelin 2000; Capotondi et al. 2018; Sullivan et al. 2021).
For variations in ENSO, the low-frequency components (inter-
annual and lower-frequency ones) are more significant than the
high-frequency components (Sullivan et al. 2021). On a low fre-
quency of the interannual time scale, the WCEP zonal wind has
been linked to extratropical signals which interact with ENSO
(Lau and Yang 1996; Chang et al. 2007; Vimont et al. 2009;
Ding et al. 2015, 2017; Min et al. 2017; Chen and Wu 2018;
Pegion et al. 2020; Min and Zhang 2020). Thus, it is of great
importance to understand the formation of the low-frequency
wind and its connections with the extratropics, rather than re-
garding the wind as a noise that responds to ENSO-developing
feedback within the tropics, for better predictions of ENSO.

Extratropical monsoon systems can interact with ENSO by
perturbing tropical convection (Webster and Yang 1992; Xu
and Chan 2001; Zhun and Chen 2002; Li and Yang 2017; Li
et al. 2021). It has been pointed out that the seasonally varying
meridional monsoon flows and the zonal Walker circulation are
likely coupled within the tropics (Webster and Yang 1992). In
particular, the Indo-Pacific Ocean is a dominant monsoon region
that also hosts ENSO. An atmospheric low-level meridional flow
to the east of the Australian continent, referred to as the Austra-
lian cross-equatorial flow (ACEF; Xu and Chan 2001), moves
across the equator and merges into the northwestern Pacific in-
tertropical convergence zone (NITCZ; Stephens et al. 2007). The
ACEF is an important component of the Asian—Australian mon-
soons. It transports cold air mass and high vorticity from the
Southern Hemisphere midlatitudes to the tropics and perturbs
convection by regulating atmospheric stability (Xu and Chan
2001; Stephens et al. 2007; Hong et al. 2014). On the other side
of the equator, the East Asian winter monsoon (EAWM) in the
Northern Hemisphere also affects tropical convection and sur-
face winds (Chu 1988; Li 1990; Li and Li 2014). A strengthened
EAWM will promote tropical convection and the occurrence of
strong WCEP westerly wind anomalies during the El Nifio onset
time (Xu and Chan 2001). These relationships between the
Asian—Australian monsoon system and tropical atmospheric var-
iability indicate that the monsoon flows may be the important
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pathways whereby the extratropical climate signals affect
the ENSO remotely. A recent study has proposed that both
the EAWM and the ACEF could regulate the seasonal vari-
ation of the WCEP zonal wind, especially in the late boreal
spring (Sullivan et al. 2021). However, whether the mon-
soon systems can influence the low-frequency WCEP zonal
wind related to ENSO amplitude is still unclear.

In addition to the monsoon, wintertime extratropical climate
variability [such as the North Pacific Oscillation (NPO; Rogers
1981)] and the tropical Pacific surface winds in the following
season can be linked by the seasonal footprinting mechanism
(SFM; Vimont et al. 2003a,b). This process is described by the
Pacific meridional mode (PMM,; e.g., Chiang and Vimont 2004).
The North Pacific meridional mode (NPMM) can influence the
central Pacific air-sea couplings (Chang et al. 2007; Yu et al.
2010; Chen and Wu 2018). In the positive phase of the NPMM,
warm SST anomalies (SSTAs) south of Baja California initiate
anomalous southwesterly wind that weakens trade winds and
reduces evaporation, which decreases heat release from the
ocean into the atmosphere, locally warming the underlying sea
surface. This positive feedback loop involving surface wind,
evaporation, and SST is referred to as the wind—evaporation—
SST (WES) mechanism (Xie and Philander 1994). Through the
WES feedback, the PMM is thought to propagate from the sub-
tropics to the equatorial Pacific (Vimont et al. 2001, 2003a,b,
2009; Anderson 2007; Amaya et al. 2019). Being analogous to
the NPO, a meridional dipole mode of sea level pressure
anomalies (SLPAs) has been recognized as dominating the
South Pacific subtropical atmospheric variability (You and
Furtado 2017). It was named the South Pacific Oscillation
(SPO), which can generate the South Pacific meridional mode
(SPMM) adjacent to the South American coast, farther east-
ward than the NPMM (You and Furtado 2018, 2019; Liguori
and Di Lorenzo 2019). Ding et al. (2015) and Zhang et al.
(2014) proposed that the NPMM and the SPMM could simi-
larly affect the equatorial Pacific SST. However, several other
studies argued that the SPMM influenced ENSO by modulat-
ing the South American coastal upwellings and the eastern
Pacific subsurface inflows, rather than via the WES mechanism
(You and Furtado 2017; Liguori and Di Lorenzo 2019). They
challenged the way that the SPMM affected ENSO variations
as depicted by other studies, indicating that the extratropical at-
mospheric signals in the Northern Hemisphere and the South-
ern Hemisphere may influence tropical climate in different
ways. How the Southern Hemisphere extratropical atmospheric
signals interact with tropical climate variations on the interan-
nual time scale needs further investigation.

Extratropical climate signals in both the Northern Hemi-
sphere and the Southern Hemisphere can modulate tropical
convection and the associated responses in surface winds. How-
ever, some key points still need to be clarified: (i) The ACEF in
the western Pacific can perturb tropical convection and influ-
ence ENSO behaviors, while the SPMM in the east can initiate
tropical responses as well (Xu and Chan 2001; Stephens et al.
2007; Hong et al. 2014; Ding et al. 2015; You and Furtado
2017, 2019; Larson et al. 2018). Are these processes related
to each other? What are the dynamic-thermodynamic pro-
cesses that dominate the tropical-extratropical interactions
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in the two hemispheres and how do they compare with those
proposed by previous studies? (ii) It is widely recognized that
the winter hemisphere atmospheric variability is more efficient
in affecting tropical convection than the summer hemisphere
variability, indicating that the climate signals in the two hemi-
spheres might affect the tropics following the seasonal cycle.
However, how does the extratropical variability in the two hemi-
spheres take turns in affecting tropical convection, and what is
the relative contribution of the two hemispheres? These issues
still complicate the predictions of equatorial Pacific winds and
the consequent changes in SST.

Our study shows a seasonally alternating role of the NPO and
the SPO in the interannual variability of the WCEP zonal wind,
which largely contributes to the tropical central-eastern Pacific
SST variations. We organize the paper as follows. Section 2 in-
troduces the data and methods used in this study. Section 3 de-
scribes how the NPO and the SPO take turns in affecting
tropical air-sea interactions from late boreal winter to austral
winter. In section 4, we further investigate the mechanisms for
the interannual WCEP zonal wind variability corresponding to
the NPO and the SPO. It is shown that the two extratropical
boosters fluctuate the interannual wind by perturbing tropical
convection. Section 5 proposes a statistically predicted monthly
WCERP zonal wind index based on the impacts of the NPO and
the SPO. This reconstructed wind index with the two external
atmospheric precursors possesses significant correlations with
central-eastern Pacific SST variability, with a lead time of one
year. It will be seen that the NPO is beneficial for a long-lead
prediction of the interannual wind and ENSO, and the SPO is
the most important extratropical predictor of ENSO amplitude.
Section 6 summarizes the external effect of the NPO and the
SPO on the variance of WCEP interannual wind and ENSO.

2. Data and methodology
a. Data

The reanalysis data from the National Centers for Environ-
mental Prediction—National Center for Atmospheric Research
(NCEP-NCAR; Kalnay et al. 1996) covering 73 years from
January 1948 to December 2020 have been primarily used in
this study. We use monthly-mean sea level pressure (SLP),
10-m winds, and latent heat flux gridded onto a 1° latitude—
longitude grid. In addition, the daily surface zonal wind derived
from the NCEP-NCAR reanalysis is used to obtain wind indi-
ces in this study. The SST dataset from the Hadley Centre Sea
Ice and SST dataset (HadISST; Rayner et al. 2003) is applied
to define the ENSO index, and the NOAA 1/4° daily Optimum
Interpolation Sea Surface Temperature (OISST; Reynolds 1993)
is obtained to explore the contribution of different frequencies
of the WCEP zonal wind to the tropical Pacific SST variance.
Anomalous values are calculated based on subtracting the clima-
tological mean from the raw data. We obtain the climatological
precipitation by using the CPC Merged Analysis of Precipitation
(Xie and Arkin 1997), the Global Precipitation Climatology Pro-
ject version 2.3 (Adler et al. 2003) combined precipitation clima-
tology, and the precipitation rate from the NCEP-NCAR
reanalysis. The tropical Pacific climatological rainfall band shown
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in this paper is represented by an average of the three products,
from 1979 to 2011.

b. Methodology
1) EEMD

The empirical mode decomposition (EMD) is a technique
that decomposes a signal into oscillatory contributions (Huang
et al. 1998). By using the EMD, the original signal can be natu-
rally decomposed into a series of modes with different domi-
nant frequencies, referred to as intrinsic mode functions
(IMFs). The EMD is fully data driven and does not require
any predetermined basis functions (Huang et al. 1999). Al-
though the EMD possesses obvious advantages in signal analy-
sis, there are unavoidable defects such as the boundary effect
and the mode-mixing effect (Wu and Huang 2009). Then, an
ensemble empirical mode decomposition (EEMD) with white
noise (the expectation of white noise is equal to zero) was
added to the data before applying the EMD analysis was pro-
posed (Wu and Huang 2004, 2009). The effect of adding white
noise will be offset by the mean of the ensemble IMF. There-
fore, the decomposition using EEMD not only keeps the in-
herent feature of the original signal, but also overcomes the
defect of mode mixing. Previous studies have detailed how to
employ the EMD and the EEMD (e.g., Flandrin et al. 2004;
Rilling and Flandrin 2008; Chu and Huang 2020).

In this study, the EEMD is applied based on the NCAR
Command Language (https://www.ncl.ucar.edu/Applications/
eemd.shtml) as a filter to obtain the intrinsic modes of the
WCEP (5°S-5°N, 135°E-180°) zonal wind with different fre-
quencies. Then, 12 intrinsic modes can be obtained, as shown
by Sullivan et al. (2021). That wind variation contains promi-
nent interannual variations (IMFs 9-10), which largely con-
tribute to the tropical Pacific SST variability and are used in
the present study. We also compare the IMFs 9-10 with a fil-
tered interannual wind index (1-9-yr bandpass) based on the
Fourier transformation. These two interannual variations are
significantly correlated, with a correlation coefficient of 0.89
(not shown). This feature means that the choice of the wind
index will not change our result.

2) THE WCEP INTERANNUAL WIND

The sum of IMFs 9 and 10 (Fig. 1a) is used to represent the
interannual WCEP zonal wind variance, which is referred to
as interannual wind in this paper. Compared with the higher-
frequency winds, the interannual wind contributes more to
the central-eastern tropical Pacific SST variance (Figs. 1b,c).
We focus on the interannual zonal wind in this study, as it sig-
nificantly leads ENSO by 3 months. In particular, the interan-
nual wind index (IWI, which represents the IMFs 9-10 in the
following discussion) possesses the largest variance in August
(Fig. 1d).

3) DEGREES-OF-FREEDOM CALCULATION

As a bandpass filter has been adopted in this study, the time
series would have significant autocorrelations. We calculate the
effective degrees of freedom (EDF) to test the significance of
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FIG. 1. Interannual components of the WCEP zonal wind. (a) Time series of IMF 9 (gray dotted line), IMF 10 (gray

solid line), and IMFs 9-10 (black line, the interannual-wind index, IWI). (b) Regression patterns of daily SSTAs
(shading; °C) and surface wind anomalies (vectors; m s~ '; zonal wind speed over 0.5 m s~ ! is presented in black) onto
the IWI and (c) higher-frequency component (IMFs 1-8). (d) Seasonality (seasonal phase locking) of the IWI.
(e) Lead-lag correlations between monthly IWI and Nifio-3.4. Correlation coefficients above the 90% confi-

dence level based on the two-tailed Student’s ¢ test are connected by a solid line.

correlations between independent time series (Bartlett 1935).
For two signals with lag-one autocorrelation 7, and r,, the EDF
formula can be expressed as

" 1-rr

N =N—=,
1+ nr,

where N is the original window length, and N” is the effective
degrees of freedom in terms of the two signals.

4) THE NPO

There exist various definitions of the NPO index (Wallace
and Gutzler 1981; Linkin and Nigam 2008; Yu and Kim 2011;
Furtado et al. 2012; Park et al. 2013), which perform differ-
ently in reflecting tropical-extratropical interactions. In this
paper, we define the NPO index based on the weighted empir-
ical orthogonal function (EOF) following Linkin and Nigam
(2008), as it can more clearly show the NPO-ENSO connec-
tion (Chen and Wu 2018). It is referred to as the NPOgoF in
this study, which is the second EOF mode of SLPAs over the
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North Pacific domain (20°-85°N, 120°E-120°W). The NPO
pattern features a meridional dipole structure of the North
Pacific SLPAs (Fig. 2a). This NPO index shows a large spec-
tral power at interannual time scales (not shown). We also de-
rive another NPO index (NPOys) using the difference in
SLPAs between the positive (the northern domain in Fig. 2b)
and negative (the southern domain in Fig. 2b) poles. The
NPO, peaking during boreal winter, is related to other North
Pacific climate patterns. In particular, the NPO variability
leads the Victoria mode, the PMM, and western North Pacific
patterns by at least 1 month (Ding et al. 2015).

5) THE SPO

A prominent mode of the South Pacific atmospheric vari-
ability can be obtained by applying a weighted EOF analysis
on the monthly SLPAs over the southeastern Pacific domain
(45°-10°S, 160°-70°W; You and Furtado 2017). This leading
mode is referred to as the SPO (Fig. 2¢), and it explains most
of the total variance of the low-level barometric fluctuation in
the South Pacific (46.6%), with the power spectrum peaking
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FIG. 2. Regression patterns of interannual SLPAs (hPa; shading) and 10-m wind anomalies (m s~ '; vectors) onto the standardized

(a) NPOgor index (time series of the second EOF mode of SLPAs over the North Pacific domain 20°-85°N, 120°E-120°W),
(b) NPOys index (differences in the northern domain 45°-65°N, 180°~140°Wand the southern domain 15°-35°N, 165°E-140°W in
SLPAs), and (c) SPO index (time series of the first EOF mode of SLPAs over the southeastern Pacific domain 45°-10°S,
160°-70°W). (d) Time series of the three indices above (NPOgoF in violet, NPOys in orange, and SPO in blue). (e) Seasonality of
the monthly NPOys and SPO indices. (f) Lead-lag correlations between the NPO (SPO) and IWI (JAS-IWI). (g) As in (f), but for
correlations between the NPO (SPO) and Nino-3.4 (DJF-Nifio-3.4). Correlation coefficients significantly above the 90% confidence
level are connected by a solid line. In (a)—(c), the statistically significant correlation coefficient of SLPAs and the NPO/SPO index is
represented by stippling, and only the statistically significant correlation coefficients of 10-m winds and the NPO/SPO index are

plotted (at the 90% confidence level). All correlations in this study are based on the two-tailed Student’s ¢ test.

on both interannual and interdecadal time scales. We only
focus on interannual behaviors in this study. The anomaly
patterns from regression onto the NPO and the SPO indices
are derived after applying a bandpass filter of 1-9 years.

The SPO is highly correlated with ENSO, yielding a lead
time of 4 months (with a correlation coefficient of nearly 0.8
(Fig. 2g), which is also shown in You and Furtado 2017). The
SLP regression pattern over the full South Pacific onto the
SPO is similar to the Pacific-South American pattern (PSA;
Karoly 1989; You and Furtado 2017). Although the PSA is
significantly correlated with ENSO (~0.3), the correlation co-
efficient is smaller than that between the SPO and ENSO
(Fig. 2g, blue line). This feature implies that the SPO is more
efficient in modulating tropical climate variability than the
PSA, despite the fact that they are simultaneously related to
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each other with a correlation coefficient of approximately 0.4.
That is, the austral winter SPO can be regarded as a key pre-
dictor for ENSO events. We will discuss how the NPO and the
SPO alternate in driving the interannual WCEP zonal wind
variability in this paper.

3. Extratropical systems related to the WCEP
interannual wind

The WCEP interannual wind peaks around August and
leads ENSO by approximately 3 months with a relatively high
correlation coefficient above 0.75 (Figs. 1d,e). That is, the in-
terannual wind can affect the growth of ENSO events, espe-
cially during its peak season in the late boreal summer. Thus,
investigating the origin of this low-frequency zonal wind is
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FIG. 3. Lead-lag regression patterns of interannual SLPAs (hPa; shading), SSTAs (°C; contours), and 10-m wind anomalies (m s~ ; vectors)
onto JAS-IWI (throughout 1948-2020). (a)—(g) Lead regressions, (h) simultaneous regressions, and (i)—(l) lag regressions. The statistically
significant correlation coefficient of SLPAs and the NPO/SPO index is represented by stippling, and only significant correlation coefficients of
10-m winds and the NPO/SPO index are plotted (at the 90% confidence level).

important for improving ENSO prediction. The IWI in July—
September (JAS) is applied to represent the intensity of inter-
annual wind variance. To investigate the possible impacting
factors of the WCEP interannual wind, we perform lead-lag
regressions of interannual SLP, SST, and surface wind onto the
normalized wind index, which are shown in Fig. 3.

The North Pacific SLP variance is significantly correlated
with the JAS-IWI in the boreal winter-spring, featuring an
NPO-like pattern (Figs. 2a,b and 3a—c). The anomalous cy-
clonic surface flows over the subtropical North Pacific initiate
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southwesterly wind anomalies to its southern flank, indicating
an NPMM pattern that can trigger central equatorial Pacific
westerly wind anomalies. These anomalous equatorial WCEP
zonal winds can persist to the following season despite the
NPO-like pattern beginning to decay after March (Figs. 3d-f).
The associated dynamics will be discussed in the next section.
In the austral winter, the JAS-IWI high-impact center
moves to the Southern Hemisphere (Fig. 3). A subtropical me-
ridional dipole pattern that is significantly correlated with the
JAS-IWI exists in the South Pacific extratropics, especially in
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the TWI peak season (Figs. 3g—i). This anomalous SLP pattern
resembles the SPO mode. We also notice another anomalous
center over the Australian continent (Figs. 3f-1). The positive
SLPAs over the Indo-Australian region indicate an intensified
Australian high (the Australian continent is controlled by a high
pressure system in austral winter; see Fig. Al in the appendix).
Between the anomalous Australian high pressure and the SPO-
related low pressure in the subtropics, there exist strengthened
equatorward flows, representing a stronger ACEF (Figs. 3e-h).
The correlation coefficient between the JAS-IWI and the
SPO index reaches up to 0.6, higher than that for the NPO
(Fig. 2f),which indicates a stronger connection between the
tropics and the South Pacific extratropics. After September, the
northern lobe of the SPO-like pattern begins to tilt and fade,
while North Pacific atmospheric variability becomes signifi-
cantly related to the prior JAS-IWI again (Figs. 2f and 3i-1). An
intensification of the Aleutian low can be seen 3 months after
the IWI peak season, consistent with a mature ENSO phase in
boreal winter, reflecting a significant impact of tropical climate
variability on the North Pacific climate (also shown in Yeh and
Kirtman 2004; Stuecker 2018; Paek et al. 2019). The above fea-
ture has shown seasonally alternate roles of the North Pacific
and South Pacific extratropical atmospheric variability in the
equatorial Pacific zonal wind. Next, we will discuss how the
NPO and the SPO drive the tropical Pacific interannual wind.

4. Mechanisms
a. Impacts from the NPO

The prior boreal winter NPO is positively correlated with
the succeeding ENSO, leading by 10-11 months (Fig. 2f). The
equatorward lobe features a cyclonic circulation, generating
southwesterly wind anomalies to the southwestern flank in
the tropical central Pacific (Figs. 2a,b and Figs. 4a—e). These
wind anomalies weaken the northeasterly trade winds and in-
duce positive downward latent heat flux into the underlying
sea surface (Figs. 4a—f). Then, the warming center gradually
moves toward the equator in the following season, acting like
a typical seasonal footprinting process (Vimont et al. 2003a,b;
Chiang and Vimont 2004). Thus, the WES feedback domi-
nates the NPO-IWI connections and triggers the WCEP inter-
annual wind during boreal winter-spring.

We further notice that the NPO is favorable for tropical north-
western Pacific convection from January to May (Figs. 4a—),
with an anomalous rainfall center located further north than the
climatological rainfall band, indicating an intensification and
northward movement of the NITCZ (Figs. 4b-¢). The equator-
ward low-pressure lobe induces asymmetric heating to the
equator and boosts cross-equatorial winds, reinforcing the
NITCZ through the Gill response (Gill 1980). This process also
exerts southwesterly wind in the western equatorial Pacific and
promotes northward ACEF (the northward ACEF starts to
prevail in the western Pacific after March; Fig. Al). More
latent heat flux released from the sea surface can be observed
right to the east of Papua New Guinea, which reinforces the
NITCZ to the north. A cluster of westerly wind anomalies
occurs across the western-central equatorial Pacific, mostly
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located to the north of the equator (also see Kug et al. 2009).
Amaya et al. (2019) illustrated the significant impact of the
ITCZ on equatorial central Pacific zonal wind through the sum-
mer deep convection response to the PMM. They proposed that
changes in the tropical convection took over the role of WES
feedback in prior seasons and maintained the WCEP westerly
wind anomalies to the boreal summer. However, we find that
these NPO-related changes in the NITCZ start to decay after
May (Figs. 4d—f), while the IWI-related convection anomalies
are contrastingly strengthened (Fig. 5). This feature signifies that
the changes in boreal summertime NITCZ and equatorial zonal
wind anomalies could be induced by other factors besides the
NPO. Next, we will discuss the influences of South Pacific cli-
mate variability on the tropics.

b. Impacts from the SPO

The SPO is the dominant mode of South Pacific atmospheric
variability that peaks in the austral winter (Fig. 2e). It repre-
sents a meridional dipole pattern of SLPAs in the southeastern
Pacific and explains 46.6% of the total variance (Fig. 2c). The
SPO shows substantial variations on both interannual and
multidecadal time scales (not shown) and is significantly corre-
lated with the JAS-TWI (Fig. 2f), with a correlation coefficients
peak (~0.6) in austral winter. The positive phase of the SPO in-
dicates an intensification of the Australian high and an overall
attenuation of the subtropical SLP to the west of the South
American coast (Fig. 2c). The broad range of this anomalous
pattern potentially implies a wide-range impact of the SPO
on both the western Pacific close to Australia and the eastern
Pacific next to South America.

The SPO starts to exert its impact on the ACEF prevailing
over the western tropical Pacific as the austral winter ap-
proaches (Fig. 6). In the positive phase of the SPO, the South
Pacific subtropical west—east SLP gradient modulated by both
the Australian high and the southeastern Pacific low pressure is
intensified (Fig. 2c), which is conducive to a stronger ACEF (due
to the geostrophic effect). It can be seen that the ACEF changes
simultaneously with the subtropical SLP gradient (Fig. 7,
red line). After late boreal spring, the northward ACEF
supported by the increasing variance of the SPO enhances the
background wind speed and sea surface evaporation in the
southwestern tropical Pacific (Figs. 6f—i). These processes cool
the underlying sea surface and stabilize the lower troposphere
to the south of the western Pacific tropical rainfall band. The
SPO-related strengthened ACEF reinforces the prior NPO-
induced NITCZ anomalies to the north of the equator in aus-
tral winter (Figs. 6f-h) despite the fact that the effect of the
NPO is much weaker at this time (Figs. 4e-h). Therefore, the
SPO variability is favorable for the persistence of equatorial
westerly wind associated with the NPO-induced NITCZ
(Fig. 7, gray and yellow lines).

In the southeastern Pacific, the anomalous cyclonic circula-
tion of the SPO reduces the trade wind and excites the SPMM.
Positive latent heat flux into the southeastern Pacific sea sur-
face first appears in May of the year, as soon as the northern
cyclonic lobe extends to the vicinity of Chile (Fig. 6e). As the
SPO strengthens after May, anomalous northwesterly wind
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further weakens the southeasterly background wind and heats
the underlying sea surface (Figs. 6e-h). Anomalous downward
heat fluxes gradually move from the southeastern subtropical
Pacific toward the central equatorial Pacific. The positive
downward heat flux is confined to the south of 10°S before
August. But as the background southerly wind speed is enhanced
in July—September (shown in Fig. Al), it extends northward to
the equator (Figs. 6h,i). The SPMM allows a seasonal footprint of
the South Pacific subtropical climate signal in the tropics (also
shown in Ding et al. 2015, 2017; You and Furtado 2017, 2018).
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L is plotted), and 10-m wind anomalies (m s~
! is indicated by gray dots. Only correlation coefficients significantly exceeding the

L. vectors) onto NPOggp. Climato-

Noting the obvious loss of sea surface heat induced by the
strengthened ACEF, we speculate that the SPMM can drive an
equatorward shift of the climatological rainband in collaboration
with the ACEF (Figs. 5h,i and 6h,i).

The mutual effects of the SPO-related eastern Pacific
SPMM and western Pacific ACEF induce an eastward exten-
sion of the interannual wind in austral summer, via basin-scale
surface latent heat flux adjustments. In the positive phase of
the SPO, the anomalous southeastern Pacific cyclonic circula-
tion features a northward flow on its western flank, which
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veers around to the east as a southward flow (Figs. 6f—i). As
both the ACEF and the SPO intensify in austral winter, the
western Pacific sea surface loses heat, whereas the east gains
heat. In Fig. 6, the positive heating center is located to the
northeast of the South Pacific convergence zone (SPCZ) rain-
fall band, whereas the negative center is to the south. Thus,
the SPO-related cyclonic circulation interacts with the back-
ground southeasterly wind through the WES effect, enhanc-
ing the heat loss in the western flank but weakening it in the
eastern flank. These two processes conspire to lead to an
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eastward and equatorward shift of the climatological rainband
(Fig. 6h), consequently promoting an eastward extension of
the WCEP zonal wind anomalies. In the far-eastern Pacific
(east of 130°W), downward latent heat flux into the sea sur-
face is constrained to the south of 10°S (Fig. 6). Thus, the
SPMM imprint may not influence the eastern equatorial
Pacific SST directly by the WES feedback (which has been
speculated in previous research, e.g., You and Furtado 2019)
but via modulating the tropical convection and the associated
zonal wind fluctuations, particularly during austral winter. This
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result can explain why the SPO variability is not an effective
precursor for the far-eastern Pacific SST variance shown in
Capotondi and Ricciardulli (2021).

¢. Relative contributions of the NPO and the SPO

As the NPO and the SPO affect the interannual variability
of the WCEP zonal wind in different seasons, it is important
to assess their relative contributions. Overall, the WCEP wind
is correlated more closely with the austral winter SPO than
the boreal winter NPO, with a correlation coefficient of 0.6
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and 0.3, respectively (Fig. 2f). Consequently, the SPO-ENSO
connection is stronger than the NPO-ENSO one (Fig. 2g).
We find that the changes in the NITCZ, being important
for the equatorial Pacific zonal wind, can be attributed to the
NPO in the Northern Hemisphere and the SPO in the South-
ern Hemisphere. The NPO-related NITCZ not only amplifies
the equatorial westerly wind anomalies, but also promotes the
equatorward meridional flow to the northeast of the Austra-
lian continent that is related to the ACEF (Figs. 4a—f). The
NITCZ leads the ACEF by 3 months, with a correlation
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FIG. 7. Lead-lag correlations between JAS-IWI and its possi-
ble impacting factors. Legend is presented by “A VS B.” The
positive values on the x axis indicate A lags behind B, while the
negative values indicate A leads B. The blue line represents the cor-
relations between IWI and equatorial Pacific SLPAs zonal gradient
[difference between the west domain (10°S-10°N, 90°~150°E) and the
east domain (10°S-10°N, 180°-90°W)]; gray and yellow lines indicate
the correlations between IWI and ACEF (50°-20°S, 160°E-170°W)
and NITCZ (5°-20°N, 140°E-180°) anomalies, respectively. The
orange and violet lines indicate the correlations between ACEF and
South Pacific subtropical SLPAs zonal gradient [difference be-
tween the west domain (50°-10°S, 110°-160°E) and the east do-
main (50°-20°S, 180°-100°W)], NITCZ anomalies, respectively.
Significant correlation coefficients at the 90% confidence level based
on the two-tailed Student’s ¢ test are connected by the solid line.

coefficient of 0.3 (Fig. 7, violet line). Meanwhile, the South
Pacific subtropical SLP zonal gradient changes simultaneously
with the ACEF, with a much higher coefficient of 0.68 (Fig. 7,
red line), implying that the ACEF can be modulated by the
South Pacific atmospheric variability more efficiently. The
subtropical South Pacific SLP zonal gradient can be affected
by the SPO. Thus, the SPO can modulate the ACEF once it is
energized, especially after the boreal spring (Fig. 2e). Then,
these meridional wind anomalies reinforce the NPO-related
NITCZ anomalies and continuously influence the WCEP zonal
wind in austral winter. Although both the NITCZ and the
ACEF lead the JAS-IWI for at least 1 month, the relationship
between the ACEF and IWI is stronger. This represents a
more significant impact of the South Pacific climate variability
on the tropics in austral winter than that from the North Pacific.
We further noticed that the changes in the equatorial Pacific
zonal SLP gradient lag the JAS-IWI by 3 months (Fig. 7, blue
line). This means that the interannual wind is regulated by
other factors prior to the equatorial SLP gradient.

The eastward extension of the WCEP zonal wind anoma-
lies is important for the development of ENSO and can be
contributed by the SPO, and less so by the NPO. The NPO
plays a precursor role in the JAS-IWI, with a lead time of
10-11 months (Fig. 2f), but it could only fluctuate the central
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equatorial Pacific zonal wind via the PMM and by modulating
the NITCZ during boreal winter and spring. Without the SPO,
these NPO-related WCEP zonal wind anomalies would be
more confined to the west of 150°W (Fig. 4). They even retreat
to the west of the international date line in August. It can be
noticed that the austral winter SPO is highly related to the
interannual wind along the central-eastern equatorial Pacific
(Figs. 6h,i), which corresponds to a farther eastward extension
of zonal wind anomalies for at least 10°. This study, therefore,
illustrates the important role of the SPO in promoting persis-
tent eastern Pacific zonal wind variations, partly explaining
why the eastern Pacific ENSO events with large magnitude
are more likely to be accompanied by the SPO (You and
Furtado 2017; Larson et al. 2018).

As stated above, the extratropical atmospheric forcing from
both hemispheres can affect the tropics, but the winter hemi-
sphere signals tend to be more efficient. This may be due to
the seasonal phase-locking feature of the interannual atmo-
spheric variations and their interactions with the seasonally
varying background winds in both hemispheres. The North
Pacific variability possesses a longer lead time ahead of the
JAS-IWI, but with a relatively weaker relationship compared
with the South Pacific variability. This may come from a vari-
ety of reasons, which should be further investigated. Here, we
propose three possibilities: (i) In boreal spring, the tropical
air-sea interactions are not robust enough to amplify the
NPO-related WCEP zonal wind anomalies. (ii) As tropical
ocean—atmosphere coupling strengthens during austral winter,
the South Pacific extratropical atmospheric signals can be
contemporaneously modulated by the tropical air-sea interac-
tions (Hong et al. 2014) and conversely regulate the tropics,
constituting a positive feedback loop that reinforces their rela-
tionship. Nevertheless, the response of the NPO to the tropi-
cal signals will be more visible when boreal winter comes in
the next year, and they are negatively correlated with that in
the prior year (Fig. 51). Thus, the interaction between the
North Pacific and the tropics is out of phase. (iii) By consider-
ing oceanic processes, the strength of tropical-extratropical in-
teractions can benefit from the equatorial Pacific heat content,
which has been shown to reach a maximum in the ENSO-
developing austral winter (Kug et al. 2009). All these possible
reasons account for a more efficient effect of the SPO. Overall,
the annual cycle of climatic variability provides two significant
extratropical predictors in both hemispheres for the WCEP in-
terannual wind, the NPO and the SPO. They are important
precursors for tropical air—sea couplings that should not be ne-
glected in ENSO predictions, although with different efficien-
cies. Our improved understanding of the WCEP interannual
wind motivates research on the predictable capability of these
two precursors. An estimated JAS-IWI by using the preceding
NPO and SPO indices will be constructed in the next section.

5. Estimated WCEP wind index

The WCEP interannual wind leads ENSO by 3 months,
with a correlation coefficient of approximately 0.8, indicating
that the austral winter IWI is a key predictor for ENSO. Both
the interannual wind and ENSO show seasonal phase-locking
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characteristics. The IWI peaks in the late austral winter (Fig. 1d),
while ENSO peaks in the boreal winter. However, a lead time
of nearly one season is not sufficient for long-lead ENSO pre-
dictions. We have shown that the NPO and the SPO are signif-
icantly correlated with the JAS-IWI by a lead time of up to
1 year. How predictable is ENSO if we only consider the two
extratropical precursors?

To reveal the seasonally alternate roles of the NPO and the
SPO in affecting the WCEP interannual wind and ENSO, we
propose an empirical predictive model to depict the JAS-IWI
using a multiple linear regression method, only based on the
NPO index and SPO index (note that the NPO and the SPO are
not significantly correlated with each other based on a 12-month
lead-lag correlation analysis). It can be expressed by the follow-
ing equation:

IWD = a, X NPO’ + B, X SPO), +v,, @®

where y and m, respectively, represent the given year and
month of hindcast; y is from 1948 to 2020, and m is from
January to August of every year. The linear regression coef-
ficient of JAS-IWI onto the standardized boreal winter NPO
and SPO index in the specific month of m every year can be
expressed as a and f3,,,, respectively; v, is the constant term. A
JAS-IWI based on the preceding NPO and SPO indices com-
mencing from January to August has thus been constructed,
over the period 1948-2020. The regressed coefficients of the
SPO change by month, indicating seasonally varying contribu-
tions of the extratropical predictor to the tropics. Concentrating
on the interannual time scale, the SPO index used in this model
has been filtered with a bandpass of 1-9 years as it contains
both interannual and multidecadal variations. The NPO indices
obtained in two different ways, the NPOyg and the NPOgop,
have been applied in this model. The NPO has a dominant fre-
quency on the interannual time scale, so the results using the
filtered and the unfiltered NPO indices are not much differ-
ent. To test for the robustness and applicability of this predic-
tive model, we randomly split the time series into training
groups (40 years) and testing groups (23 years) 1000 times using
the Monte Carlo method. Then we compare the IWIy; g with
the observed one.

The IWIyr shows correspondence with the observed one
that we derive using the EEMD method (Figs. 8a,b). It corre-
sponds closely to the observed JAS-IWI, with a long lead time
of 6 months. Their correlation coefficient exceeds 0.5 when
we use the preceding boreal winter NPO and SPO indices
(orange line in January), and displays an ascending tendency
as the given time approaches austral winter (Fig. 8). It reaches
up to nearly 0.8 in August. The JAS-IWI using the NPO and
the SPO as predictors can represent the observed WCEP in-
terannual wind fluctuations reasonably well. However, the
correlation between the IWIy g and ENSO is even more sig-
nificant than that between the IWIy;r and the observed
JAS-IWI (Figs. 8c,d). This feature implies that the NPO and
the SPO affect the central-eastern Pacific SST through other
processes, such as oceanic advection. The correlation coeffi-
cient between IWIy; g and the ENSO index is approximately
0.6 when the wind index is estimated by using the wintertime
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NPOxs and SPO indices (Fig. 8d). This feature means that
the NPO and the SPO can be relatively reliable long-lead pre-
cursors for ENSO, with a lead time of 1 year. Moreover, the
IWIy r based on extratropical climate signals lessens the effect
of the spring predictability barrier, as increasing tendencies of
the correlation coefficients can be seen in Fig. 8. That might be
because tropical air-sea interactions are more susceptible to ex-
tratropical signals from boreal spring to early summer than in
other seasons.

Significant reductions in the correlation coefficients before
April can be noticed when the NPO term is omitted in the
IWIpr (Fig. 8c), indicating an indispensable role of the NPO
in regulating tropical variability (Figs. 8d.,e). As all three esti-
mated JAS-IWI displayed in Fig. 8 contain the variation of
the SPO, they tend to be unanimous by approaching August.
That is to say, from late boreal spring to austral winter, the in-
fluences from the North Pacific rapidly decay, and South
Pacific atmospheric signals gradually take over the role of the
North Pacific signals in affecting tropical air-sea interactions.
The result provides us with input to better predictions of
ENSO by further considering extratropical climate variability
with seasonally alternate roles.

6. Conclusions and discussion
a. Conclusions

The tropical Pacific embeds strong air—sea interactions that
energize ENSO events and provides an overlapped region for
extratropical climate variability in both hemispheres to exert
joint effects on the tropics. The interannual components of
the WCEP zonal wind significantly contribute to central-
eastern Pacific SST fluctuations, which can be significantly
fueled by the NPO in boreal winter—spring and the SPO in
austral winter. These two entities of winter hemisphere ex-
tratropical variations alternately influence the equatorial
Pacific zonal wind by modulating basinwide surface heat
flux adjustments and the consequent tropical convective
perturbations. The NPO variability, peaking in boreal win-
ter, generates the NPMM in the following seasons, which
has been described by the SFM (Chiang and Vimont 2004).
On the other hand, the equatorward cyclonic lobe of the
NPO promotes tropical convection to the north of the
NITCZ and facilitates the northward cross-equatorial
winds to the south through a Gill response. These two
dynamic-thermodynamic processes are responsible for the
NPO-induced variation of WCEP interannual wind. As
austral winter approaches, the South Pacific extratropical
signals gradually take the role of the North Pacific ones in
regulating the tropics. A positive SPO enhances the ACEF
and accelerates the heat loss from the sea surface where it
prevails to the southwest of the SPCZ. By contrast, it is fa-
vorable for heat gain in the southeast tropical Pacific
through the SPMM (Fig. 9). These basin-scale air-sea cou-
plings will lead to an equatorward shift of the SPCZ and
the central Pacific ITCZ, and then promote eastern equa-
torial Pacific convection. A strengthened ACEF can also
reinforce the NPO-induced changes in the NITCZ and the



1 JuLy 2023 ZHONG ET AL. 4405
(a) IWIMLR based on SPO&NPOEOF and IWI
1.5 T T T T T T T T T T T
1 - —
0.5
O -
-0.5F -1
-1 1 1 1 1 1 1 1 1 1 1 1 1
1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
(b) |W|MLR based on SF"O&NF"ONS and IWI
1.5 T T T T T T T T T T T T
1 - -
0.5
U -
-0.5F -
2 1 1 1 1 1 1 1 1 1 1 1 1
1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
(c) IWI based on SPO and IWI
MLR
1.5 T T T T T T T T T T T
1L 4
05F
D —
-0.5F -1
o 1 1 1 1 1 1 1 1 1 1 1 1
1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
(d) Correlation (IWI,  and IWI) (e) Correlation (IWI,, - and ENSO)
0.9 T T v T T 0.9 T T T T T T
0.8F 0.8
0.7 0.7
0.6 0.6
0.5} 0.5
0.4 0.4 Based on SF'O&NPOEOF 1
0.3 0.3 Based on SPO&NPO, o T
0.2 0.2 Based on SPO |
0.1 0.1 * . : + . :
Jan Feb Mar Apr May Jun Jul Aug Jan Feb Mar Apr May Jun Jul Aug

FI1G. 8. Observed JAS-IWI and estimated JAS-IWI (IWIy; r) based on the NPO and SPO indices. (a) The IWlyy r

based on boreal winter interannual NPOgop and simultaneous interannual SPO index commencing from January to
August is shown by color shading (spanning from the minimum IWIy; g value to the maximum value in each year),
while the observed JAS-IWI is shown by the solid black line. (b) As in (a), but the IWIyy  is based on boreal winter in-
terannual NPOys and simultaneous interannual SPO index. (c) As in (a), except the IWIy g is only based on simulta-
neous interannual SPO index. (d) Correlations between IWI and IWIy; g commencing from the specific given month.
Solid lines indicate the averaged values of the correlation coefficients in the 1000-time Monte Carlo sampling, and the
color shading covers 0.5 standard deviations of the correlation coefficients. Bars indicate the averaged values of all the
test root-mean-square errors of the IWIy r. () Correlations between IWIy g and subsequent boreal winter Nifio-3.4
index. We also use the leave-one-out cross-validation method to test the model and get a similar result (not shown).

Our wind prediction model, by using the two extratropical
climate signals, can well estimate the WCEP interannual wind
variations and ENSO. The result shows that the NPO benefits
a long-lead prediction of ENSO, while the SPO is the most

consequent WCEP zonal wind anomalies. Above all, the
NPO and the SPO are key factors for both the WCEP
zonal wind and ENSO, following the seasonal cycle of the
climate system.
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FIG. 9. Schematic diagram showing seasonally alternate winter hemisphere extratropical boos-
ters for the WCEP interannual wind. The black contours indicate the SLPAs in a positive phase
of the NPO (in the Northern Hemisphere) and the SPO (in the Southern Hemisphere). Red
arrows indicate the anomalous atmospheric surface flows related to the NPO and the SPO.
Shading indicates sea surface latent heat exchanges (positive latent heat flux into the under-
lying sea surface is green and upward to the atmosphere is light yellow). Red shading repre-
sents sea surface warming in the ENSO region. Gray hatching represents the climatological
rainfall band. The convective rainfall symbol represents the anomalous tropical convection

attributed to the NPO and the SPO.

important predictor of ENSO amplitude. Extratropical pre-
dictors can help to reduce the spring predictability barrier of
ENSO predictions resulting from insufficient precursors within
the tropics (also shown in Chen et al. 2020), especially the
NPO variability. The SPO is more efficient in affecting the
tropics than the NPO, which might be due to the seasonal
phase-locking features of the interannual atmospheric varia-
tions that have been illustrated in the mechanisms section.
Overall, neither of these two extratropical predictors should
be omitted in long-lead predictions of ENSO.

b. Discussion

ENSO is a basin-scale phenomenon resulting from multiple
interactions of climate variations on different time scales. Ex-
tratropical atmospheric signals were regarded as high-frequency
stochastic forcing for the tropical atmospheric variability and
ENSO (e.g., Moore and Kleeman 1999). However, we have
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shown that the WCEP interannual zonal wind on a lower fre-
quency contributes the most to the variation of tropical Pacific
SST, indicating a strong resonance of climate signals on the in-
terannual time scales. The result is in agreement with that of
other studies (e.g., Capotondi et al. 2018). The correlation be-
tween higher-frequency components and central-eastern equa-
torial SSTAs is weaker, but this does not mean that the ocean—
atmosphere signals, with a time scale shorter than interannual
ones, bear no relation to ENSO. It was proposed that the sea-
sonal transition of the Asian—Australian monsoon system could
substantially affect the WCEP seasonal zonal wind and the on-
set time of El Nifio (Xu and Chan 2001; Sullivan et al. 2021).
Furthermore, Australian cold surges intruding into the western
Pacific tropics occur more frequently when the Australian win-
ter monsoon is strong (Stephens et al. 2007). The SPO, which is
shown to modulate the Australian winter monsoon (e.g.,
ACEF) and intimately link to tropical air-sea interactions on
interannual time scales in this study, possesses a periodicity of
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F1G. Al. Climatological annual cycle of the SLP (hPa; green contours), 10-m wind (m s~

L vectors), and 10-m wind speed (m s~ '; shading).

The climatological annual cycle is calculated by subtracting the annual mean from the climatological value of every month.

4-5 years (not shown). Previous studies have argued that the equa-
torial Pacific zonal wind modulated by the Asian—Australian mon-
soon could be strongly coupled with the central-eastern Pacific SST
on a nearly 4-yr scale as well (Zhun and Chen 2002). This time
scale is consistent with the basin-scale ocean—-atmosphere dynamics
(Philander 1990; Webster and Yang 1992). Thus, we speculate that
the interannual climate variability might provide a low-frequency
background that modulates the inclination of high-frequency
events, which could conversely feed back to low-frequency climate
signals. Thus, our result helps to understand the mechanism for
monsoon—ENSO interactions on the interannual time scale.

The mechanisms of the tropical-extratropical interactions re-
sponsible for ENSO variability are complex, subject to both at-
mospheric and oceanic processes. Our work emphasizes how
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the North Pacific and South Pacific atmospheric signals alter-
nately affect the WCEP interannual wind and ENSO. We notice
that the estimated JAS-IWI is better correlated with the ob-
served ENSO SST index than with the wind index (Figs. 8c,d),
which may be because the tropical-extratropical ocean heat
transport related to the NPO and the SPO provides a favorable
condition for the large growth rate of SST anomalies. Several
previous studies depicted that the North Pacific climate anoma-
lies can affect the equatorial ocean through oceanic topical-
subtropical pathways, especially in the central Pacific (Zhang
et al. 1998; Di Lorenzo et al. 2015; Zhu et al. 2021). Moreover,
the SPO was perceived as an indicator of the eastern Pacific SST
variance, as the SPO-related subtropical atmospheric cyclonic
circulation weakens the southeasterly trade winds and charges
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the eastern equatorial Pacific (You and Furtado 2018; Liguori
and Di Lorenzo 2019). Therefore, the associated changes in
upper-ocean flow and heat content not only are responsive to at-
mospheric forcing, but also provide possible ways to modulate the
seasonally alternating interactions that we describe in this study.
Those extratropical-tropical oceanic processes can partly
explain ENSO diversity (You and Furtado 2018), somehow
different from the impacts of atmospheric variability shown in
Capotondi and Ricciardulli (2021). That is, extratropical cli-
mate variability can regulate tropical Pacific wind variation and
the oceanic condition through both atmospheric and oceanic
pathways. Then, the consequent atmospheric changes and oce-
anic changes conspire to regulate the dynamic processes ac-
counting for different types of ENSO, which has been shown
by Fan et al. (2021). Although the austral winter SPO induces a
more eastward extension of the interannual wind anomalies,
these winds are still confined far away from the South American
coast (Fig. 6), implying that the far-eastern Pacific air-sea inter-
actions might be dominated by other factors (e.g., Zhong et al.
2019). This can help to explain why the wind speed modes
shown by Capotondi and Ricciardulli (2021) display little corre-
lation to the eastern Pacific ENSO. Our study reveals how the
NPO and the SPO take turns to influence the tropics, in concert
with atmospheric responses. Tropical convection seems to be the
atmospheric hinge of extratropical signals in the two hemispheres,
whereas the oceanic one remains to be clarified. A comprehen-
sive description unified with the perspective of oceanic pathways
related to extratropical climate signals should be investigated in
future studies, especially for predictions of ENSO diversity.
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APPENDIX

Climatological Annual Cycle of the Pacific Low-Level
Atmospheric Circulation

Figure Al shows the climatological annual cycle of the
SLP and 10-m winds.
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