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ABSTRACT: El Niño–Southern Oscillation (ENSO), the dominant mode of interannual variability in the tropical Pacific, is

well known to affect the extratropical climate via atmospheric teleconnections. Extratropical atmospheric variability may in

turn influence the occurrence of ENSO events. The winter North Pacific Oscillation (NPO), as the secondary dominant mode

of atmospheric variability over the North Pacific, has been recognized as a potential precursor for ENSO development. This

study demonstrates that the preexisting winter NPO signal is primarily excited by sea surface temperature (SST) anomalies in

the equatorial western–central Pacific. During ENSO years with a preceding winter NPO signal, which accounts for approxi-

mately 60% of ENSO events observed in 1979–2021, significant SST anomalies emerge in the equatorial western–central Pacific

in the preceding autumn and winter. The concurrent presence of local convection anomalies can act as a catalyst for NPO-like

atmospheric circulation anomalies. In contrast, during other ENSO years, significant SST anomalies are not observed in the

equatorial western–central Pacific during the preceding winter, and correspondingly, the NPO signal is absent. Ensemble simu-

lations using an atmospheric general circulation model driven by observed SST anomalies in the tropical western–central Pacific

can well reproduce the interannual variability of observed NPO. Therefore, an alternative explanation for the observed NPO–

ENSO relationship is that the preceding winter NPO is a companion to ENSO development, driven by the precursory SST sig-

nal in the equatorial western–central Pacific. Our results suggest that the lagged relationship between ENSO and the NPO in-

volves a tropical–extratropical two-way coupling rather than a purely stochastic forcing of the extratropical atmosphere on

ENSO.
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1. Introduction

ElNiño–SouthernOscillation (ENSO) is an ocean–atmosphere

mode in the equatorial Pacific, characterized by the interannual

fluctuations between warm (El Niño) and cold (La Niña) sea

surface temperature (SST) anomalies in the central and east-

ern equatorial Pacific and the corresponding coupled changes in

zonal sea level pressure gradient (Bjerknes 1969; Neelin et al.

1998; Philander 1985). It is the most energetic variation of the cli-

mate system and the primary source of seasonal-to-interannual

climate predictability on Earth. Although ENSO originates and

developsmainly in the tropical Pacific, it can affect global weather

and climate anomalies through so-called atmospheric teleconnec-

tions (e.g., Alexander et al. 2002; Ropelewski and Halpert 1987;

Lau 1997; van Loon and Madden 1981). Over the past few deca-

des, much attention has been paid to understanding its dynamics

and potential predictability (e.g., Jin 1997a,b; Cane and Zebiak

1985; Neelin et al. 1998). It is widely recognized that the growth of

ENSO SST involves a positive ocean–atmosphere feedback be-

tween the equatorial zonal winds and east–west SST gradient

(i.e., the Bjerknes feedback) (Bjerknes 1969). The ENSO oscilla-

tory behavior is tied to the meridional displacement of subsurface

warm water toward and away from the equator, as demonstrated

by the classic recharge oscillator (RO) paradigm (Jin 1997a,b).

According to the RO theory, the warm water volume (WWV) in

the equatorial Pacific could be used as a key ENSO predictor

since the WWV anomaly usually leads the ENSO SST anomaly

by about two to three seasons (McPhaden 2003; Meinen and

McPhaden 2000).

However, the phase-lag relationship between the WWV and

ENSO SST underwent a notable decadal shift from two to three

seasons prior to 2000 to one season after 2000 (e.g., McPhaden

2012; Bunge and Clarke 2014; Bosc and Delcroix 2008), possibly

contributed by the more frequent occurrence of central Pacific

ENSO events in the past two decades (Zhang et al. 2019; Zhao

et al. 2021). Correspondingly, the predictability of ENSOSST has

decreased to only one season after the year 2000 (Kumar et al.

2015; Wang et al. 2010; Hendon et al. 2009). In addition to focus-

ing on the processes local to the tropical Pacific, there is also a sug-

gestion that atmospheric and ocean variability outside this area

may contribute to shaping ENSO evolution and enhancing its

predictability (e.g., Vimont et al. 2001, 2003b; Anderson 2003;

Nakamura et al. 2006; Terray 2011; You and Furtado 2018).
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For example, the North Pacific meridional mode (NPMM) and

South Pacific meridional mode (SPMM) have been proposed to

act as an ocean bridge, linking the extratropical atmospheric vari-

ability to ENSO variability (You and Furtado 2018; Zhang et al.

2014; Chiang and Vimont 2004; Chang et al. 2007; You and

Furtado 2017). These twomeridionalmodes are suggested to con-

tribute differentially to ENSO flavors (Pegion et al. 2020; Vimont

et al. 2014; Yu and Kim 2011; You and Furtado 2017, 2018). The

winter North Pacific Oscillation (NPO) (Rogers 1981; Walker

and Bliss 1932), manifesting as a north–south seesaw in the sea

level pressure (SLP) anomalies over the North Pacific, is argued

to have the potential to improve ENSO prediction skill 1 year

ahead beyond its spring predictability barrier (Chen et al. 2020;

Tseng et al. 2022; Vimont et al. 2003a,b). A positive NPO event

during boreal winter tends to be followed by an El Niño event in

the following winter and a negative NPO event generally corre-

sponds to the following La Niña winter. The anomalous winds as-

sociated with the winter NPO could impart an SST footprint

similar to NPMM onto the ocean by altering the surface net heat

flux through a process known as the seasonal footprinting mecha-

nism (SFM) (Vimont et al. 2001, 2003b). This SST footprint per-

sists into the following late spring and summer when its

subtropical component could in turn force the overlying atmo-

spheric circulation, and further, the accompanied equatorial zonal

wind anomalies contribute to the development of the following

ENSO events. It has been also argued that the NPO-related

anomalous southwesterly winds over the subtropical North Pa-

cific can generate simultaneous subsurface ocean temperature

anomalies in the central and eastern equatorial Pacific. These

anomalies could play a role in initiating subsequent ENSO events

through a mechanism known as the trade wind charging (TWC)

mechanism (Anderson 2004;Anderson et al. 2013).Moreover, re-

cent studies proposed that the NPO could impact subsequent

ENSOevents via the propagation of upper-tropospheric wave en-

ergy (Zhao et al. 2023a,b). Notably, some studies argue that the

role of NPO in initiating the following ENSO events strongly de-

pends on the state of the tropical Pacific itself (Anderson 2007;

Deser et al. 2012). When the winter NPO signal is accompanied

by preceding summer/autumn subsurface temperature anomalies

in the western tropical Pacific, its correlation with the following

winter ENSO events becomes stronger. It is well established that

tropical Pacific SST anomalies exert a significant influence on at-

mospheric variability over the North Pacific (Trenberth et al.

1998; Alexander et al. 2002). The impacts of these SST anomalies

are intricate and depend on various factors, including their loca-

tion, strength, and background state (e.g., Ashok et al. 2009;Hoell

et al. 2016; Guo et al. 2017; Trascasa-Castro et al. 2023; Bayr et al.

2019). For example, it has been suggested that more westward

ENSO SST anomalies tend to induce an atmospheric circulation

anomaly resembling the NPO pattern (Di Lorenzo et al. 2010;

Ding et al. 2022; Furtado et al. 2012).

This raises the question of whether the lagged relationship be-

tween the ENSO and the NPO involves a tropical–extratropical

two-way coupling. It has been well established that NPMM could

affect the followingENSOevents (Chang et al. 2007;Amaya et al.

2019). Stuecker (2018) pointed out that the central Pacific ENSO

could in turn generate an instantaneous NPMM response by initi-

ating atmospheric teleconnection with a strong projection on the

Aleutian low. Similarly, if the preexisting winter NPO for ENSO

years can be traced to the tropical Pacific itself, caution is war-

ranted in determining whether it can offer additional predictive

information for subsequent ENSO events beyond the commonly

used tropical Pacific ocean–atmosphere conditions. In the present

work, we investigate the possible tropical origin of theNPO signal

in the preceding winter of ENSO years. Our analyses show that

the preexisting winter NPO signal for ENSO events could be

largely attributed to the equatorial western–central Pacific SST

forcing. The rest of this paper is organized as follows. Section 2

describes the datasets, methods, and experimental designs. In

section 3, we display the observed preceding winter SLP signal

over the North Pacific for ENSO. Section 4 investigates the possi-

ble tropical origin of the preceding winter NPO signal for ENSO.

The role of equatorial western–central SST in the NPO–ENSO

sequence is addressed in section 5. Finally, we summarize the

main conclusions and discuss related issues in section 6.

2. Data, methodology, and experimental designs

a. Data and methodology

The following datasets are employed in this study: 1) Monthly

atmosphere data from the fifth major global reanalysis produced

by European Centre for Medium-Range Weather Forecasts

(ECMWF) (ERA5) dataset, with a horizontal resolution of

0.258 3 0.258 (Hersbach et al. 2020). The reanalysis data utilized

include SLP and horizontal wind at 10 m. 2) Monthly subsurface

ocean temperature data on a 18 3 18 grid from ECMWF Ocean

Reanalysis System 5 (ORAS5) (Zuo et al. 2019). 3) Monthly SST

data derived from the Met Office Hadley Centre (Hadley Centre

Sea Ice and Sea Surface Temperature dataset, Version 1, or

HadISST1), with a horizontal resolution of 183 18 (Rayner et al.

2003). 4)Monthly precipitation data on a 2.583 2.58 grid from the

Climate Prediction Center (CPC) Merged Analysis of Precipita-

tion (CMAP) (Xie and Arkin 1996). Our analysis covers the pe-

riod from January 1979 to December 2021 due to the constraints

imposed by precipitation data from CMAP. Anomalies are ob-

tained by removing the monthly mean climatology for the period

of 1981–2010 and are linearly detrended to avoid the possible in-

fluences from the long-term trend. The SLP and SST data from

1940 to 2021 are also used to test the robustness of our results,

and the qualitative conclusion remains consistent (Figs. S1–S3 in

the online supplemental material). Our regression analysis is

performed using the two-tailed Student’s t test. The effective

number of degrees of freedom (Neff 5N/T) is calculated to

remove the influence of autocorrelation on the correlation

significance (Davis 1976), where N denotes the sample size

and T 5∑
‘

j52‘
Rxx( j)Ryy( j), where Rxx(j) and Ryy(j) are the

autocorrelation of two sample series at the lag time of j. We

also employ a bootstrapped significance test for our compos-

ite analysis (Parnell 2013). Field significance is further con-

ducted on our spatial fields according to the false discovery

rate (FDR) method with aFDR5 0.1 (Wilks 2006, 2016).

The Niño-3.4 index, SST anomalies averaged over 58S–58N

and 1208–1708W, is used as a measure of ENSO variability.

The cold tongue index (CTI) is defined as the averaged SST

anomalies in the region of 68S–68N and 1808–908W. ENSO
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events are identified based on a threshold of 0.5 standard de-

viation of the winter (December–January–February) Niño-3.4

index. There are 12 El Niño (1982/83, 1986/87, 1987/88, 1991/92,

1994/95, 1997/98, 2002/03, 2006/07, 2009/10, 2014/15, 2015/16,

and 2018/19) and 15 La Niña (1983/84, 1984/85, 1985/86, 1988/89,

1995/96, 1998/99, 1999/2000, 2000/01, 2005/06, 2007/08, 2008/09,

2010/11, 2011/12, 2017/18, and 2020/21) years during 1979–2021.

Year(0)/year(1) represents the developing and decaying years

of ENSO events, respectively. Following a previous definition

(Furtado et al. 2012), the NPO index used in this study is cal-

culated as the difference of the SLP anomalies between the

box A (558–72.58N and 1808–2208E) and box B (158–27.58N

and 1758–212.58E) regions in Fig. 1a. Three NPO indices (i.e.,

YK11, PYK13, and LN08) based on empirical orthogonal

function (EOF) analysis are adopted to compare with the used

NPO index (Yu and Kim 2011; Park et al. 2013; Linkin and

Nigam 2008). YK11, PYK13, and LN08 are used to represent

the corresponding time series of the second EOF mode of the

SLP anomalies over 1208E–808W and 208–608N, 1008E–808W

and 08–708N, and 1208E–1208W and 208–858N, respectively. To

investigate the role of equatorial western–central SST anoma-

lies in the preceding winter NPO, the western Pacific SST index

(WPI) is calculated as an area average of the SST anomalies in

the region of 108S–108N and 1508–1708E. The subsurface ocean

heat content (OHC) anomalies are calculated by averaging

ocean temperature anomalies from 0 to 350 m. The meridional

modes are defined by performing a maximum covariance analy-

sis (MCA) on monthly mean SST and the 10-m wind compo-

nents (You and Furtado 2018; Chiang and Vimont 2004;

Amaya et al. 2019). Prior to calculating the MCA, both the SST

and wind data are preprocessed to remove the effects of long-

term climate change (i.e., detrending) and to remove the influ-

ence of ENSO by linearly regressing out ENSO signal (CTI).

The NPMM is derived as the first MCA mode (MCA1) of the

cross-covariance matrix between SST and 10-m wind anomalies

in the region of 208S–308N and 1758E–958W. Similarly, the

SPMM is obtained as MCA1 of the cross-covariance matrix be-

tween SST and 10-m wind anomalies in this region (358–108S

and 1808–708W).

b. Experimental design

To verify the impact of the equatorial western–central Pacific

SST anomalies on the winter NPO variability, a set of numerical

experiments are conducted based on the Geophysical Fluid Dy-

namics Laboratory (GFDL) Atmospheric Model version 2.1

(AM2.1) (The GFDL Global Atmospheric Model Development

Team 2004). The AM2.1 model features a finite-volume dynami-

cal core with a horizontal resolution of 2.58 3 2.58 and a vertical

resolution composed of 24 levels. This model includes a new grid-

point dynamical core, a prognostic cloud scheme, and a multi-

species aerosol climatology, in addition to components inherited

from previous GFDL models. We first examined whether the

GFDL Coupled Model version 2.1 (CM2.1), which incorporates

this atmospheric model component, can reproduce the observed

NPO–ENSO relationship. Historical simulations are conducted

based on theGFDLCM2.1model, involving five ensemble mem-

bers with perturbed initial conditions for temperature T. It shows

that this coupledmodel well reproduces the observedNPOspatial

FIG. 1. Regression of SLP anomalies (shading; hPa) in the (a) preceding winter [winter(21)], (b) simultaneous winter (winter(0)], and

(c) subsequent winter [winter(11)] upon the winter Niño-3.4 index. The two green boxes in (a) are the domains used to define the NPO

index. Purple dots indicate regression coefficients that are statistically significant at the 95% confidence level. (d) Normalized time series

of the winter NPO index and three NPO indices (YK11, PYK13, and LN08) defined based on the EOF method.
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pattern and the relationship betweenwinterNPOand the following

ENSOevents with a small ensemble spread (see Fig. S4).

Therefore, we further verify the role of the equatorial western–

central Pacific SST anomalies in the winter NPO variability based

on GFDL AM2.1 by imposing the observed SST anomalies on

the climatological annual cycle of SSTs in the tropical western–

central Pacific region (208S–208N, 1208E–1608W). This set of ex-

periments consists of an ensemble of 10 simulations with per-

turbed initial conditions for temperature T, which are integrated

from January 1979 to December 2019. The ensemble mean is

used to remove the possible influence of internal atmospheric var-

iability. In our numerical experiments, the perturbations follow a

normal distribution with a zero mean and a prescribed standard

deviation s. To be more precise, the perturbations for tempera-

ture (T′) are specified asT′
5 T1 sN, wheres is set to 0.1 K and

N represents the standard normal distribution.

3. The observed preceding winter SLP signal over the

North Pacific for ENSO

We first revisit the observed lead–lag relationship between

ENSOand the SLP anomalies over theNorth Pacific by regressing

SLP anomalies in the preceding, simultaneous, and subse-

quent winter on the winter Niño-3.4 index (Fig. 1). The re-

gressed SLP anomaly in the preceding winter exhibits a

north–south dipole structure over the North Pacific (Fig. 1a),

resembling a typical NPO structure (Walker and Bliss 1932;

Rogers 1981). In the simultaneous winter, it is characterized

by the negative phase of Southern Oscillation over the tropi-

cal Pacific and the enhanced Aleutian low over the extra-

tropical North Pacific (Fig. 1b), manifesting as a traditional

ENSO-forced atmospheric teleconnection pattern (e.g., Hoskins

and Karoly 1981; Horel and Wallace 1981; Trenberth et al.

1998). In contrast, there are almost no significant SLP anom-

alies detected in the subsequent winter (Fig. 1c). Here, the

NPO index is used to measure the variability of the preexist-

ing winter SLP signal over the North Pacific for ENSO years

in Fig. 1a. It is found that the used NPO index in this study

is highly consistent with the NPO indices (YK11, PYK13,

and LN08) defined based on the EOF method (Fig. 1d, Ta-

ble 1), and their related SLP patterns are also very similar

(Fig. S5).

To further examine the possible linkage of the winter NPO

with the ENSO in the following winter, we display SST anomalies

in the subsequent winter regressed upon the winter NPO index

(Fig. 2a). It shows that a positive NPO event tends to be followed

by El Niño–like SST anomalies during the winter of the sub-

sequent year, while a negative NPO event is related to La Niña–

like SST anomalies. This leading relationship of NPOover ENSO

is also supported by the scatterplot presented in Fig. 2b (r5 0.51,

statistically significant at the 95% confidence level). However, it is

important to note that not every NPO event is necessarily

TABLE 1. Correlation coefficients among used winter NPO

index and three winter NPO indices defined based on the EOF

method.

NPO YK11 PYK13

YK11 0.83

PYK13 0.80 0.97

LN08 0.70 0.91 0.91

FIG. 2. (a) Regression of SST anomalies (shading; 8C) in the subsequent winter upon the winter NPO index. Purple

dots indicate regression coefficients that are statistically significant at the 95% confidence level. (b) Scatterplot of nor-

malized winter(21) NPO against the winter(0) Niño-3.4 index. Red, blue, and gray circles (including solid and hollow

circles) denote El Niño, La Niña, and normal years, respectively. El Niño years with a positive NPO phase in the pre-

ceding winter are represented by the red solid circles and La Niña years with a negative NPO phase in the preceding

winter are represented by the blue solid circles. The linear fit (gray line) is displayed with its slope. Inset 1 shows the

occurrence probabilities of La Niña events and other events in the subsequent winter for negative NPO winters. Inset

2 shows the occurrence probabilities of El Niño events and other events in the subsequent winter for positive NPO

winters.
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followed by an ENSO event in the subsequent winter. As shown

in Fig. 2b, approximately 60%of positiveNPO events correspond

to the following El Niño events, and a similar percentage of nega-

tive NPO events is followed by subsequent La Niña events

(Fig. 2b). We further categorize these ENSO events into two

groups based on their different preceding NPO anomalies

(Table 2). The first group is the El Niño years with a previous

winter positive NPO phase (El Niño/1NPO) and La Niña years

with a previous winter negative NPO phase (La Niña/2NPO).

These ENSO events mainly contribute to the statistically positive

correlation of winter NPO with the following winter Niño-3.4

indices. The second group consists of the remaining ENSO

years, which include El Niño years without a previous winter

positive NPO phase (El Niño/no-NPO) and La Niña years

without a previous winter negative NPO phase (La Niña/no-

NPO).

4. Tropical origin of preceding winter NPO signal for

ENSO events

Figures 3a and 3b display the composite differences of the pre-

ceding winter SLP, SST, and surface horizontal wind anomalies

between El Niño/1NPO and La Niña/2NPO years (i.e., the first

TABLE 2. El Niño and La Niña years classified based on the previous winter NPO phase.

El Niño/1NPO La Niña/2NPO El Niño/no-NPO La Niña/no-NPO

1982/83, 1986/87, 1991/92,

1997/98, 2014/15, 2015/16,

2018/19

1983/84, 1988/89, 1998/99,

1999/2000, 2000/01, 2008/09,

2010/11

1987/88, 1994/95, 2002/03,

2006/07, 2009/10, 2019/20

1984/85, 1985/86, 1995/96,

2005/06, 2007/08, 2011/12,

2017/18, 2020/21

FIG. 3. Composite differences of (a) SLP (hPa) and (b) SST (8C) and horizontal wind (m s21) anomalies at 10 m in

the preceding winter between El Niño/1NPO and La Niña/2NPO years. Purple dots indicate composite values that

exceed the 95% significance level. The wind anomalies are shown only when they are significant at the 95% confi-

dence level. (c) As in (a), but in the preceding autumn. (d) As in (b), but in the preceding autumn. The green boxes in

(a) and (c) denote the region used to define the NPO index. The red box in (b) and (d) is utilized to define WPI.
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group). The SLP anomalies exhibit a positiveNPO spatial pattern

over the North Pacific (Fig. 3a). As demonstrated in previous

studies (Vimont et al. 2001, 2003b), NPO-related surface wind

anomalies could generate a significant tripole SST anomaly pat-

tern over the North Pacific by altering the net surface heat flux,

with positive SST anomalies in the midlatitude North Pacific

along 408–608N, negative SST anomalies in the western–central

North Pacific along 208–408N, and positive SST anomalies in the

subtropical North Pacific (Fig. 3b). This SST anomaly pattern in

the North Pacific is very similar to a positive NPMM pattern

shown in Fig. S6a, consistent with previous studies suggesting that

extratropical NPO signals can induce SST anomalies resembling

the NPMM pattern (Chiang and Vimont 2004; Stuecker 2018).

Simultaneously, there are some significant SST and wind anoma-

lies in the subtropical South Pacific, while the spatial pattern is dif-

ferent from the SPMM pattern in Fig. S6b. It is worth noting that

there are significantly positive SST anomalies and corresponding

surface westerly wind anomalies observed in the equatorial

western–central Pacific during the winter period coinciding with

theNPO signal. These anomalies also have the potential to trigger

circulation anomalies associated with the NPO by stimulating

convection anomaly patterns. We further examine the composite

differences of SLP, SST, and surface horizontal wind anomalies in

the preceding autumn prior to winter NPO signal for this group

of ENSO years (Figs. 3c,d). It is intriguing to note that the pres-

ence of local warm SST anomalies in the equatorial western–

central Pacific can be observed one season ahead, while signifi-

cant atmospheric circulation anomalies are absent over the North

Pacific. In the preceding autumn, there are almost no NPMM or

SPMM patterns observed over the subtropical North and South

Pacific. The asynchronous nature of the SST anomalies and the

associated circulation patterns adds to the complexity of the phe-

nomenon and calls for detailed investigation.

Figure 4a shows the time evolution of the OHC anomalies

for the first group based on their composite difference be-

tween El Niño/1NPO and La Niña/2NPO years. During the

preceding summer and autumn before the winter NPO signal,

there exist significantly positive OHC anomalies in the equa-

torial western and central Pacific, corresponding to local

warm SST anomalies in this region (Fig. 4b). These positive

anomalies in OHC and SST gradually evolve in the sub-

sequent seasons. This development is accompanied by positive

precipitation anomalies that are coupled with the local warm

SST anomalies in the same region (Fig. 4c). In the following

spring and summer, these OHC and SST anomalies migrate

eastward toward the equatorial central–eastern Pacific and

FIG. 4. Time-longitude cross section of anomalous (a) OHC (0–350 m; 8C), (b) SST (8C), and (c) precipitation (mm day21) averaged

within 58S–58N for the composite difference between El Niño/1NPO and La Niña/2NPO years. Purple dots represent composite values

above the 95% confidence level. The two black dashed lines are used to mark the NPO winter [Nov(21)–Mar(0)]. The red dashed line de-

notes the ENSO peak [Dec(0)].
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develop into an El Niño event in the following autumn and

winter, accompanied by typical ENSO-associated dipole pre-

cipitation anomalies. The observational analyses provide evi-

dence of the existence of precursory ocean–atmosphere signals

in the tropical Pacific prior to the winter NPO signal.

5. The role of equatorial western–central SST anomalies

in the winter NPO

Building on the above leading relationship, we propose a

hypothesis that the preceding winter NPO signal for ENSO

events may be influenced by equatorial western–central SST

anomalies. To investigate the role of tropical Pacific SST

anomalies in the preceding winter NPO, we introduce the

WPI as a metric for measuring SST variability in the equato-

rial western–central region (108S–108N, 1508–1708E). The

temporal evolution of WPI, NPO, and Niño-3.4, NPMM, and

SPMM indices for the ENSO years with the preceding winter

NPO is depicted in Fig. 5. During both these El Niño and La

Niña years, we consistently observe significant NPO anoma-

lies throughout the preceding winter, starting from October

of the previous year [Oct(21)]. NPMM closely follows the

evolution of NPO, with a lag of 1–2 months. This aligns with

previous studies suggesting that the NPO could initiate the

NPMM. In contrast, almost no significant SPMM signal is ob-

served in the development process of ENSO/NPO events. No-

tably, the significant WPI anomalies appear as early as July of

the previous year [Jul(21)] and persist into the subsequent

autumn and winter. The different timing of significant anoma-

lies in NPO and WPI warrants a cautious examination of their

causal relationship. Figure 6a displays the time series of win-

ter NPO andWPI. It shows that they vary in a similar manner,

displaying a substantial correlation coefficient of 0.69 (statisti-

cally above the 95% confidence level). Correspondingly, the

WPI-associated SLP anomalies exhibit a north–south dipole

pattern over the North Pacific (Fig. 7b), which highly resem-

bles those related to the NPO (Fig. 7a). To further identify

their causal relationship, we display in Figs. 6b and 6c the au-

tumn and winter WPI for those ENSO years contributing to

the statistically positive correlation of winter NPI with the fol-

lowing winter Niño-3.4 index (i.e., the first group of ENSO

years). For all the El Niño/1NPO events, the previous winter

WPI exhibits a positive anomaly, which can be traced to the

preceding autumn (Fig. 6b). Conversely, for La Niña/2NPO

years, the WPI largely displays a negative anomaly during

both previous autumn and winter seasons (Fig. 6c). It shows

that the winter local SST signal for these ENSO years can

be detected during the preceding autumn, prior to the win-

ter NPO signal, suggesting that the preceding winter NPO

signal of ENSO events could be largely attributed to the

anomalies in the local tropical Pacific SST. It is found that

winter WPI has a positive correlation with the following

winter Niño-3.4 index (R 5 0.45), which is comparable to

the correlation between winter NPO and the following win-

ter Niño-3.4 index (R 5 0.51). The statistical relationship

between NPO and the following winter ENSO could be

largely explained by the western–central tropical Pacific

SST signal.

In Fig. 8, we also investigate the composite differences in

the ocean–atmosphere conditions during the preceding winter

and autumn between El Niño/no-NPO and La Niña/no-NPO

years (i.e., the second group). Similarly, no significant oceanic

and atmospheric precursors can be observed in the tropical

Pacific during the simultaneous period (i.e., the preceding au-

tumn and winter of ENSO years) (Fig. 9), distinctly different

from the first group of ENSO events. Interestingly, remark-

able OHC and SST anomalies appear in the tropical central

and eastern Pacific during the developing summer of ENSO

events rather than the earlier seasons and reach their peak in

the following winter, accompanied by dipole precipitation

anomalies. Upon the comparison between the two groups of

ENSO events, the occurrence of the NPO signal preceding

ENSO could potentially serve as a companion to ENSO de-

velopment. This companionship is established through the

FIG. 5. Composite time evolution of normalized monthly WPI (red line), NPO index (gray line), Niño-3.4 index

(black line), NPMM index (orange solid line), and SPMM index (orange dashed line) for the (a) El Niño/1NPO and

(b) La Niña/2NPO years. The solid dots denote anomalies that are statistically significant at the 95% confidence

level. The abscissa indicates 26 months fromMay of the year(21) to June of the year(1). The gray shading area repre-

sents the NPO winter.
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presence of preexisting SST anomalies in the equatorial western–

central Pacific region.

To further verify the influence of the tropical Pacific SST

anomalies on the NPO, a set of atmospheric general circula-

tion model (AGCM) experiments is conducted (refer to

experimental designs in section 2) by imposing the observed

monthly SST anomalies in the tropical western–central Pacific

(Fig. 10a). Remarkably, the AGCM simulations generally re-

produce the observed SLP anomaly pattern associated with

the WPI. However, there is a slight rotation in the centers of

FIG. 6. (a) Normalized time series of the winter NPO (gray line) and WPI (red line). The El Niño/1NPO and La

Niña/2NPO years are marked by red and blue vertical lines, respectively. (b) The autumn (orange dotted line) and

winter (red dotted line) WPI for El Niño/1NPO events. The first dot is the composite value for these years and the

error bars denote one standard deviation error estimate. (c) As in (b), but for La Niña/2NPO events.

FIG. 7. Regression of SLP anomalies (shading; hPa) upon the winter (a) NPO and (b) WPI. Purple dots indicate re-

gression coefficients that are statistically significant at the 95% confidence level. The green boxes in (a) and (b) denote

the region used to define NPO.
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action relative to the observations, and the amplitude of SLP

anomalies in the simulations is relatively weaker than that ob-

served (Figs. 7b and 10b). This discrepancy is possibly related

to the model bias such as the representation of the tropical

Pacific mean state. Across the North Pacific, a notable posi-

tive SLP anomaly center emerges in Alaska and a low-

pressure anomaly center is near Hawaii, exhibiting a north–

south dipole spatial structure akin to the NPO pattern. As

shown in Fig. 10c, the simulated NPO has a high correlation

with the observed NPO (r 5 0.74, statistically significant at

99% confidence level), suggesting that the equatorial west-

ern and central Pacific SST anomalies significantly contrib-

ute to the variability of the NPO during the period of 1979–

2021. Consequently, it was possible to establish a positive

relationship between the simulated winter NPO, forced by

tropical Pacific SST anomalies, and the following winter

Niño-3.4 index (r 5 0.49, statistically significant at the 99%

confidence level). These modeling results provide further

evidence that the preceding winter NPO signal is largely

a result of SST forcing in the equatorial central–western

Pacific. This result is consistent with a previous finding of

Wu et al. (2019), where they identified a close linkage be-

tween the NPO-related atmospheric circulation anomalies

and a tropical zonal dipole SST pattern, which includes the

western–central equatorial Pacific SST anomalies imposed

in our experiments.

6. Conclusions and discussion

The present study aims to enhance our understanding of the

preceding atmospheric signal over the North Pacific for ENSO

events based on comprehensive analyses of observations and

targeted experiments using an atmospheric general circulation

model. The NPO-like SLP anomalies are observed over the

North Pacific in the preceding winter of approximately 60% of

the ENSO years observed in the period of 1979–2021. Our

FIG. 8. Composite differences of (a) SLP (hPa) and (b) SST (8C) and horizontal wind (m s21) anomalies at 10 m in

the preceding winter between El Niño/no-NPO and La Niña/no-NPO years. Purple dots indicate composite values

that exceed the 95% significance level. The wind anomalies are shown only when they are significant at the 95% confi-

dence level. (c) As in (a), but in the preceding autumn. (d) As in (b), but in the preceding autumn. The green boxes in

(a) and (c) denote the region used to define NPO. The red box in (b) and (d) is utilized to define WPI.
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study demonstrates that this preexisting winter NPO signal

primarily originates from the equatorial western–central

Pacific SST forcing. The ENSO years with a preceding win-

ter NPO signal are characterized by significant SST anoma-

lies in the tropical central and western Pacific during the

preceding autumn and winter. These local SST anomalies

play a crucial role in driving an atmospheric circulation

anomaly similar to the NPO pattern by stimulating convec-

tion anomalies. Modeling experiments conducted in our

study provide further evidence supporting the argument

that the SST anomalies in the equatorial western–central

Pacific could drive the NPO-like circulation pattern. For the

remaining ENSO years, no remarkable SST anomalies are

observed in the equatorial western–central Pacific during

the preceding winter. Consequently, there is also a lack of a

preceding NPO signal in these ENSO years.

This work highlights the crucial role of air–sea anomalies

in the deep tropics in triggering the preceding winter NPO

signal of ENSO events. However, the source of the preexist-

ing western–central SST signal for ENSO events remains

unresolved. The previous winter local SST signal in the

equatorial western–central Pacific for some ENSO/NPO

events (e.g., 1986, 1997, 1998, and 2018) is accompanied

by opposite-sign SST anomalies in the equatorial eastern

Pacific (not shown), implying its potential association with

the cyclic ENSO transition. Some studies also show that the

first year of some multiyear ENSO events corresponds to

this local SST anomaly, suggesting a possible link to the

multiyear ENSO events (Park et al. 2021; Fang and Yu

2020; Wu et al. 2019). Certain high-frequency atmospheric

signals in the tropical Pacific, such as westerly wind events

(WWEs) (McPhaden et al. 1992; McPhaden 1999) and Madden–

Julian oscillation (Madden and Julian 1994), may also contribute

to the appearance of this local SST signal. In addition, South

Pacific Ocean variability could also play a role (Dong et al.

2022; You and Furtado 2018). Further research is necessary to

identify the precise sources of the SST signal on an event-by-

event basis.

It is important to note that our findings do not dismiss the

possibility that the NPO may, in turn, exert some physical

feedback on the tropical Pacific by mechanisms including

SFM, TWC, and upper-tropospheric wave propagation (Vimont

et al. 2001; Anderson et al. 2013; Zhao et al. 2023a). Our present

work suggests that the lagged relationship between ENSO and

the NPO represents a tropical–extratropical two-way coupling

rather than a stochastic forcing of the extratropical atmosphere

on ENSO. To better understand this coupling, future investiga-

tions should aim to quantify the feedback from NPO to sub-

sequent ENSO events by decoupling the tropics and extratropics

in a coupled model.

FIG. 9. Time-longitude cross section of anomalous (a) OHC (0–350 m; 8C), (b) SST (8C), and (c) precipitation (mm day21) averaged

within 58S–58N for the composite difference between El Niño/no-NPO and La Niña/no-NPO years. Purple dots represent composite val-

ues above the 95% confidence level. The two black dashed lines are used to mark the NPO winter [Nov(21)–Mar(0)]. The red dashed

line denotes the ENSO peak [Dec(0)].
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