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Abstract
The boreal spring South Pacific Oscillation (SPO) in the atmosphere and South Pacific Quadrupole (SPQ) in the ocean are 
recognized as significant precursors for the following winter’s El Niño-Southern Oscillation (ENSO). Here we delve into 
the generation mechanisms of the SPO and probes the potential influence and driving forces of ENSO events on this vari-
ability mode, alongside the relationships between SPO and SPQ. Employing statistical analyses with observations spanning 
1979–2021 and conducting numerical simulations, this study reveals significant correlations between the SPO and the 
previous-ENSO-related central tropical Pacific surface temperature anomalies (SSTAs). The forced atmospheric experi-
ments confirm the central tropical Pacific SSTAs as an essential forcing mechanism for the SPO. A quantitative analysis 
further demonstrates that ENSO and atmospheric internal dynamic contribute comparably to the formation of the SPO. After 
the SPO formation, it influences the underlying ocean, generating the SPQ mode. Investigations with coupled numerical 
experiments show the induced SPQ can trigger 46.6% of the original neutral events into El Niño events. This study identi-
fies and validates the sequence of physical processes linking SPO and SPQ to ENSO. The findings highlight the existence 
of loop-like mutual influence processes between ENSO and the two extratropical variability modes (SPO and SPQ) in the 
South Pacific. This cyclic pattern bears significant implications for understanding the temporal development of ENSO and 
can fortify ENSO predictability.

Keywords ENSO prediction · South Pacific oscillation · South Pacific quadrupole · Mutual influence · Central tropical 
Pacific SSTAs · Atmospheric internal dynamic

1 Introduction

El Niño-Southern Oscillation (ENSO) emerges as the tropi-
cal Pacific’s leading orchestrator of year-to-year climate 
variations (McPhaden et al. 2006). Due to its widespread 
influences on global climate, marine ecosystems, and human 
activities (Timmermann et al. 2018), extensive research 
focused on ENSO prediction (Tseng et al. 2017; Tang et al. 
2018). Historically, the ENSO prediction community pri-
marily focused on local tropical Pacific precursors, such as 
Warm Water Volume (Jin 1997a, b), Westerly Wind Events 
(McPhaden et al. 1992; Fedorov et al. 2015), and Madden-
Julia Oscillation (Madden and Julian 1994; Hendon et al. 
2007).

However, considering only these tropical precursors is 
not sufficient for ENSO prediction. Illustratively, the attenu-
ated El Niño event of 2014/2015 experienced an unexpected 
pause during the boreal summer of 2014, despite initial pre-
dictions of a wintertime super El Niño by most real-time 
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forecast models. An unusual decrease in sea surface tem-
peratures (SSTs) in the southeastern subtropical Pacific 
region was likely the cause of this unexpected cessation, as 
illuminated by further research (Zhu et al. 2016; Ding et al. 
2017; Ineson et al. 2018). This event underscores that cli-
mate variability from the extratropics could play a potential 
role in ENSO prediction.

There were increasing studies on extratropical precursors 
for ENSO, particularly those from the North Pacific. Among 
these precursors, the North Pacific Oscillation (NPO) stands 
out, having been studied extensively (Rogers 1981; Ander-
son 2003). Additionally, oceanic modes forced by the NPO, 
namely the North Pacific Meridional Mode (NPMM) (Chi-
ang and Vimont 2004; Chang et al. 2007) and Victoria Mode 
(VM) (Bond et al. 2003; Ding et al. 2015a), have been rec-
ognized as potent triggers for ENSO. These phenomena 
exert their influence through intricate mechanisms like the 
thermodynamic seasonal footprinting (Vimont et al. 2001, 
2003a, b; Ding et al. 2015a) and the dynamic trade wind 
charge (Anderson 2004; Anderson et al. 2013), primarily 
commencing in the boreal spring season.

Correspondingly, the vast and adjacent South Pacific 
might also hold a role in exerting considerable influence on 
ENSO development. Several studies underlined the unique 
contribution of South Pacific climate variability in ENSO 
prediction, even though it was not as thoroughly examined as 
the North Pacific. As illustrated by You and Furtado (2017), 
a notable example is the South Pacific Oscillation (SPO), 
recognized as a meridional dipole in sea level pressure (SLP) 
variability over the South Pacific region. This phenomenon 
was found to greatly impact ENSO intensity six months 
later. Additionally, research indicated that as early as boreal 
spring, SLP anomalies (SLPAs) over the South Pacific can 
serve as effective precursors for subsequent El Niño occur-
rences. Further examination revealed that this boreal spring 
SLPA structure in boreal spring is precisely the preceding 
pattern of the SPO (Min and Zhang 2020).

In the oceanic fields, Ding et al. (2015b) identified a 
South Pacific Quadrupole (SPQ) mode of SST variability 
as an additional precursor for ENSO. The SPQ and ENSO 
demonstrate the closest correlation when the SPQ pre-
cedes ENSO by a nine-month period. Over the southeast-
ern Pacific, there exists South Pacific Meridional Mode 
(SPMM) and it was shown to be effective in facilitating 
the development of subsequent ENSO events (Zhang et al. 
2014). Moreover, by contrasting the predictive capacities of 
SPQ and SPMM, it is concluded that the SPQ demonstrates 
a more robust linkage to ENSO than does SPMM (Ding 
et al. 2020). The privilege of the SPQ is attributed to its 
unique structure, which encompasses an additional element 
of SSTAs, found not only in the southwest Pacific but also 
extending into the high-latitude South Pacific. Therefore, the 
current study will concentrate on the basin-scale SPQ rather 

than the SPMM, as the investigation aims to elucidate the 
connection between the most effective South Pacific ENSO 
precursor and ENSO itself.

However, the origins of these south Pacific ENSO pre-
cursors (i.e., the SPO in the atmosphere and the SPQ in the 
ocean) are still under debate. Regarding the origins of the 
SPO, You and Furtado (2017, 2019) emphasized that the 
SPO is more influenced by atmospheric internal variability 
than by simultaneous developing ENSO. Their studies, how-
ever, were primarily focused on the boreal summer season, 
when the ENSO event is often already underway. Later, as 
for the boreal spring ENSO precursor in the atmosphere, 
Min and Zhang (2020) decomposed South Pacific SLPAs 
and revealed that the boreal spring ENSO precursor can be 
seen as the combination of two empirical orthogonal func-
tion (EOF) modes. While their focused season was boreal 
spring, they did not explore the external forcing that respon-
sible for the SPO. Therefore, an important question arises: 
what is the external forcing behind the boreal spring SPO? 
Can tropical Pacific SSTAs act as a forcing mechanism for 
the boreal spring SPO? If so, how do they compare with 
atmospheric internal variability in steering the variability 
of the boreal spring SPO?

As for the origin of the oceanic SPQ, Ding et al. (2015b) 
suggested that the SPQ is primarily forced by the one-month 
earlier Pacific-South-American-like (Mo and Higgins 1998) 
atmospheric variability. What’s noteworthy is that the pre-
ceding SLPA pattern correlated with the SPQ (their Fig. 1a) 
exhibits a strong resemblance to the later-identified SPO pat-
tern. Zheng and Wang (2017) replicated the SPQ structure 
using a singular vector decomposition method applied to 
SST and wind field (their Fig. 1a), uncovering a meridional 
dipole pattern that is in alignment with the SPO pattern. 
Therefore, it is imperative to investigate the exact mode 
preceding the SPQ, is it indeed the SPO? If so, how does 
the SPO-forced SPQ facilitate subsequent ENSO events? 
While previous studies have explored the foundational physi-
cal processes through observational data, validation using 
advanced numerical models is warranted to corroborate the 
role of SPQ in facilitating following ENSO. Additionally, 
what is the extent to which the SPQ contributes to the evolu-
tion of subsequent ENSO occurrences?

In this research, the focus is set on examining the recipro-
cal interplay between ENSO and its two extratropical South 
Pacific precursors, namely the SPO in the atmosphere and SPQ 
in the ocean. Not only atmospheric general circulation model 
(AGCM) but also coupled general circulation model (CGCM) 
experiments are conducted to investigate their interactions. 
Section 2 describes the specific reanalysis datasets, indices, 
and climate models utilized in this research. In Sect. 3.1, a 
detailed analysis is conducted to explore the influence of tropi-
cal Pacific heat anomalies in forcing the variation of the SPO. 
Section 3.2 contrasts the contributions of tropical Pacific SSTs 
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with atmospheric internal variability in generating the SPO. 
Section 3.3 encompasses a sensitivity experiment to verify 
the efficiency of SPQ in inducing subsequent ENSO. Finally, 
Sect. 4 gives the summary and discussion.

2  Data and methodology

2.1  Reanalysis data

Global SST data employed here is derived from the Hadley 
Center Global Sea Ice and Sea Surface Temperature (Had-
ISST) dataset, known for its detailed 1° by 1° resolution 
(Rayner et al. 2003). Wind and SLP data are sourced from 
the National Centers for Environmental Prediction and the 
National Center for Atmospheric Research (NCEP-NCAR) 
(Kalnay et al. 1996). Precipitation data is obtained from the 
Climate Prediction Center Merged Analysis of Precipitation 
(CMAP) (Xie and Arkin 1997). In here, we focus on the 
years 1979 to 2021. To make sure the findings are accurate, 
we used a two-tailed Student’s t test for the statistics.

2.2  Indices

According to the key region of the boreal spring SPO pat-
tern (see the Fig. 2a in You and Furtado 2017), the SPO 
index’s determination is grounded in the average SLPAs over 
46°S–27°S and 165°E–82°W. Here, we focus on the north-
ern node of the SPO as it has the most important linkages 
with the following ENSO events (You and Furtado 2019). 
Furthermore, the definition of the Niño4 index is founded 
upon the area-averaged SSTAs within the coordinates of 
5°S–5°N and 160°E–150°W, while the Niño3.4 index shares 
similar premises but is constrained to the boundaries of 
5°S–5°N and 170°–120°W. The calculation of the SPQ index 
is performed by taking the total of the normalized SSTAs 
over two positive poles, located within the coordinates of 
[58°–36°S, 173°–145°W] and [37°–17°S, 103°–76°W], and 
then subtracting the aggregate of the normalized SSTAs over 
two corresponding negative poles, defined by the regions 
[47°–25°S, 142°E–179°W] and [59°–40°S, 113°–81°W].

2.3  Numerical models

Utilizing the Geophysical Fluid Dynamics Laboratory 
Atmospheric Model version 2.1 (hereafter GFDL; Delworth 
et al. 2006), two distinct AGCM experiment sets are con-
ducted. With the implementation of a spatial configuration 
marked by 2.5° longitude and 2° latitude horizontal resolu-
tion and an architectural composition of 24 vertical strata, 
the GFDL model is primed to illuminate the intricacies of 
atmospheric dynamics. By focusing on the atmospheric 
dynamics, these simulations can help unravel how changes 
in the tropical Pacific SSTs project into altered patterns of 
the SPO.

To validate the distinctive role of SPQ in promoting 
ENSO events, a set of CGCM experiment was conducted 

Fig. 1  a Regressions of FMA0 SLPAs (shading; hPa) onto the simul-
taneous SPO index. b Correlation maps between FMA0 tropical 
Pacific SSTAs and the SPO index, with the Niño4 region delineated 
by a black box. c Correlation maps of FMA0 tropical Pacific precip-
itation anomalies with the SPO index. In (a–c), white dots indicate 
regressions or correlations that are statistically significant at the 90% 
confidence level
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with the Community Earth System Model version 1.2.2.1 
(hereafter CESM). Developed at the NCAR and documented 
by Hurrell et al. (2013), CESM stands as a robust platform 
for comprehensive Earth system simulations. Extensive 
research has shown its ability to reasonably simulate ENSO 
events, including their periodicity, magnitude, and asym-
metry (DiNezio et al. 2017; Wieners et al. 2019).

3  Results

3.1  The forcing role of central tropical Pacific SSTAs 
to SPO

The SPO manifests as a dipolar structure of SLPAs, which 
has opposite polarities of anomalies between a high-latitude 
center and a subtropical center (You and Furtado 2017). Dur-
ing the boreal spring, the positive phase of the SPO exhib-
its a negative anomaly center around 42°S and a positive 
anomaly center around 66°S (Fig. 1a), a pattern discerned 
through the regression of SLPAs against the SPO index. This 
spatial pattern echoes the SPO structure delineated by You 
and Furtado (2017; their Fig. 1a). An exploration of the link 
between the February–March–April (FMA0, ‘0’ refers to the 
first year) SPO index and simultaneous tropical Pacific SSTs 
reveals significant positive correlations in the western-cen-
tral tropical Pacific and corresponding negative ones over the 
Maritime Continent (Fig. 1b). The area of most pronounced 
correlation coincides with the Niño4 region, underscoring 
the intimate association of the SPO’s positive (negative) 
phase with El Niño (La Niña) phenomena. We then used the 
Niño4 index to represent ENSO activities and find the index 
to have a 0.41 correlation (significant at the 99% confidence 
level) with the SPO index in FMA0 during 1979–2021. This 
statistical analysis suggests that boreal spring central tropi-
cal Pacific SSTs has a close relationship with simultaneous 

South Pacific atmospheric variability. The correlation map 
between the precipitation anomalies over tropical Pacific 
and the SPO index also shows a significant precipitation 
enhancement west of the dateline (Fig. 1c). This pattern 
implies that the central tropical Pacific SST variations can 
induce precipitation anomalies (therefore anomalous heat-
ing to the atmosphere) to possibly force SLP variation in the 
Southern Hemisphere, leading to a SLP variability mode 
like SPO.

To substantiate the driving role of central tropical Pacific 
SSTAs on SPO variability, a series of forced atmosphere 
experiments was carried out using the GFDL model. The 
first set of the experiments includes a control experiment 
(CTRL) and a sensitivity experiment (ENSO-FORCE). 
In the CTRL experiment, monthly varying climatological 
SSTs were prescribed to force the AGCM. In the ENSO-
FORCE experiment, monthly El Niño SSTAs across the 
tropical Pacific were added to the climatological SSTs to 
force the AGCM. The designated area spans from 20°S 
to 20°N in latitude and from 120°E to 90°W in longitude, 
including a surrounding 5° buffer zone. We first removed the 
Niño3-related SSTAs from the tropical Pacific SSTA field 
to exclude the influence from eastern tropical Pacific. Then 
the residual tropical Pacific SSTAs were regressed onto the 
Niño4 index to produce the El Niño SSTAs (Fig. 2a). As for 
the 5° buffer zone, we initially only prescribed the observed 
SSTAs to a smaller area (15°S–15°N and 125°E–95°W) 
within this forcing domain. SSTAs are set to zero outside 
this area. We then implemented a 9-point spatial smoothing 
across the global grid. This procedure extended the effective 
SSTA forcing domain outside the initial SST prescription 
area by 1 degree (given a resolution of 1° × 1°), adjusting 
the prescription area to 16°S–16°N, 124°E–94°W. After 
repeating this spatial smoothing procedure four more times, 
the forcing domain ultimately reached an area bounded by 
20°S–20°N and 120°E–90°W. This smoothing procedure 

Fig. 2  a Prescribed SSTAs (°C) over 20°S–20°N and 120°E–90°W 
in February, March, and April for the ENSO-FORCE experiment. 
b Ensemble mean response of SLP (shading; hPa) and 10  m winds 

(vectors; m  s–1) in the ENSO-FORCE experiment, compared to that 
of the CTRL experiment. White dots represent significant SLPAs 
with a confidence level of 90%
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effectively created a 5° buffer zone within the final forcing 
area. The same method was used to establish a 5° buffer zone 
for the SST forcing areas used in the HIST and SPQ-FORCE 
experiments. The El Niño SSTAs were added to the clima-
tological SSTs in February, March, and April. The forcing 
continued to rely on the climatological SSTs in rest months. 
Both CTRL and ENSO-FORCE simulations were run for 
40 years, but the analysis only focused on the last 30 years 
to avoid initial spin-up biases.

Figure 2b displays the differences in simulated SLP and 
10-m winds between the ensemble means of ENSO-FORCE 
and CTRL. The simulated SLP difference pattern exhibits 
a negative northern node around 35°S and 145°W and a 
positive southern node around 60°S and 120°W, resembling 
the observed SPO pattern. The simulated results suggest 
that an atmospheric teleconnection from central tropical 
Pacific warming can drive the SPO pattern in the Southern 
Hemisphere.

Subsequently, another set of forced AGCM experiment 
(HIST) was conducted to explore the extent to which the 
interannual fluctuations of SPO are driven by the corre-
sponding variations in tropical Pacific SSTs on an interan-
nual scale. In this HIST experiment, the observed monthly 
SSTAs during 1979–2018 were integrated with the cli-
matological SSTs within the specified boundary (20°S to 
20°N latitude and 140°E to 90°W longitude). While other 
region was forced only by the monthly climatological SSTs. 
Hence, the variability of the simulated SPO is solely ascrib-
able to the SSTAs confined to the tropical Pacific, excluding 
those in other regions. This experiment was also performed 
with 30 ensembles with slightly different initial SST fields. 
Following the definition in observation, the SPO index in 
simulation was calculated. The ensemble-mean SPO index 
(black line in Fig. 3), along with its standard deviation (SD; 
grey shading in Fig. 3), reveals strong connections with the 

Niño4 index. This connection is evidenced by significant 
correlation coefficient (R = 0.84, significant at 99% confi-
dence level) and high sign consistency rate (75%). Following 
Le and Bae (2019), we conducted causal analysis on Niño4 
and ensemble-mean SPO indices and revealed that there is 
minimal probability that Niño4 has no causal connection to 
SPO. Power spectrums of Niño4, observed SPOI, ensem-
ble-mean SPOI all predominantly display periods close to 
5 years (Fig. 3b). All these analyses confirm that the varia-
tions in the simulated SPO are indeed a substantial response 
to the alterations in tropical Pacific SSTAs. Additionally, 
ensemble-mean SPO index exhibits a noteworthy correlation 
coefficient (R = 0.42; significant at 99% confidence level) 
with observed SPO index. This finding lends support to the 
assertion that the variability observed in the SPO can be 
partially attributed to the variations in tropical Pacific SSTs.

3.2  Relative contributions of central tropical Pacific 
SSTAs and atmospheric internal variability 
to SPO

The findings detailed above elucidate that the SPO is subject 
to influence from simultaneous tropical Pacific SST vari-
ability, especially those in the central tropical Pacific. Nev-
ertheless, certain aspects of SPO’s variability remain enig-
matic and cannot be solely attributed to a forced response 
to central tropical Pacific SSTs. To investigate the internal 
variability part of the SPO, we removed the simultaneous 
Niño4 regressions from the SLP field and then performed 
an EOF analysis with the residual SLPAs during the FMA0 
season. The resulting EOF1 pattern (Fig. 4a) still resembles 
a SPO pattern, and its pattern correlation coefficient with 
Fig. 1a is 0.83. The associated principal component (PC1) 
exhibits a correlation of 0.50 (significant at the 99% con-
fidence level; Fig. 4b) with the raw SPO index. Therefore, 

a b

Fig. 3  a Red and green lines represent the observed Niño4 and SPO 
indices, respectively. Black line denotes the 30-member ensemble 
mean in HIST experiment and is superimposed by one standard devi-
ation (gray shading). Correlation coefficients (R) between these indi-

ces are also shown. b Power spectrums of Niño4 (red solid line), SPO 
(green solid line) and ensemble-mean SPO indices (red solid line). 
Dashed lines denote the 90% confidence level for red noise
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besides the evident forced variability associated with central 
tropical Pacific SSTAs, the SPO also exhibits high internal 
variability.

We next investigated the relative influences of central 
tropical Pacific SSTs and the South Pacific atmospheric 
internal variability in shaping the SPO. To address this ques-
tion, we examined the SPO and ENSO (represented by the 
Niño4 index) for each year to determine how many SPO 
events are accompanied with significant central tropical 
Pacific SST warming/cooling and how many are not. Here 
we adopt a threshold of 0.5 SD to categorize SPO events 
(|SPO index|> 0.5 SD; blue and red dots in Fig. 5), effec-
tively excluding weak events (|SPO index|≤ 0.5 SD; grey 
dots in Fig. 5).

For those SPO events with a magnitude larger than ± 0.5 
SD in FMA0, they are classified into four categories based 
on their accompanying Niño4 index conditions (Table 1). 
Among the 14 events of strong positive SPO, eight of them 
(57%) are accompanied by Niño4 values larger than 0.5 
SD, signifying a contributory role played by the El Niño. 
Constantly, the remaining six instances (43%) occurred 
without significant positive SSTAs over central tropical 

Fig. 4  a EOF1 spatial pattern for residual FMA0 SLPAs in the South 
Pacific (80°S–15°N, 140°E–60°W), after linearly removing the 
simultaneous tropical Pacific signal, accounting for 24.7% of the total 

variance. b Time series of PC1 associated with EOF1 and the original 
SPO index, along with the correlation coefficient, indicating the sta-
tistical relationship between PC1 and the SPO index

Fig. 5  Scatterplot of FMA0 Niño4 index against SPO index. Red dots 
denote SPO events with a positive central tropical Pacific SSTAs con-
tribution, blue dots denote SPO events with a negative central tropical 
Pacific SSTAs contribution, and gray dots represent years with a SPO 
index too weak to be recognized as SPO events

Table 1  Classification of 
historical SPO events based on 
combinations of SPO and Niño4 
phases

Events are included only if the SPO index magnitude exceeds 0.5 standard deviations

Classification Year Pro-
portion 
(%)

SPOI > 0.5& Niño4 > 0.5 1980, 1987, 1991, 1992, 1993, 2005, 2015, 2020 53
SPOI > 0.5& Niño4 > 0.5 1997, 2004, 2006, 2009, 2017, 2018, 2021 47
SPOI < − 0.5& Niño4 < − 0.5 1984, 1985, 1989, 1999, 2000, 2001, 2011 44
SPOI < − 0.5& Niño4 < − 0.5 1979, 1982, 1983, 1988, 1996, 1998, 2007, 2010, 2014 56
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Pacific (Niño4 < 0.5 SD). For the 13 events of large nega-
tive phase of the SPO, six of them (46%) are synchronized 
with a strong La Niña (i.e., Niño4 values less than –0.5 
SD), whereas the other seven of them (54%) coincided 
with modest central tropical Pacific SSTAs (Niño4 values 
above –0.5 SD). Remarkably, both the positive SPO events 
influenced by conducive El Niño-related central tropical 
Pacific SSTAs (red dots; Fig. 5) and negative SPO events 
shaped by corresponding La Niña-related central tropical 
Pacific SSTAs (blue dots; Fig. 5) occur in roughly equal 
proportions, each around 50%. Overall, our analyses in this 
section indicate that for the SPO events, approximately 
half manifest a close alignment with central tropical 
Pacific SSTs, with the remainder attributable to intrinsic 
variability. The formation of SPO is shaped through an 
intricate balance, with contributions not only from the 
dynamics observed within central tropical Pacific SSTs but 
also from the complexities related to internal variability in 
the extratropical atmosphere.

Following Hu et al. (2019), the signal-to-ratio method 
was also employed to examine the relative contributions 
of SST forcing and atmospheric internal variability in the 
variability of boreal spring South Pacific Oscillation. Here, 
the signal refers to as the SD of the ensemble-mean SPOI 
in FMA0, denoted by �signal , while the ensemble model 
spread, representing the noise, is defined as the SD of 
individual simulation members from the ensemble-mean 
SPOI, denoted as �noise . For simulated variable Fm,n with 
ensemble member m and year n,

where M = 30 (total ensemble members) and N = 40 (years).
The SD of the ensemble-mean SPOI (i.e., �signal ) is 

0.67 (red bar in Fig. 6). Meanwhile, the SD of individual 
simulation members from the ensemble-mean SPOI (i.e., 

�noise =

[

1

(M − 1)(N − 1)
∗

n=N
∑

n=1

m=M
∑

m=1

(Fm,n − Fn)
2

]0.5

,

�signal =

[

1

(N − 1)
∗

n=N
∑

n=1

(Fn − F)
2

]0.5

,

Fn =
1

M − 1

m=M
∑

m=1

Fm,n,

F =
1

(M − 1)(N − 1)

n=N
∑

n=1

m=M
∑

m=1

Fm,n,

SNR =
�signal

�noise

,

�noise ) is 0.79 (grey bar in Fig. 6). A resulting SNR is 0.85, 
which indicates the substantial role played by tropical SST 
forcing in SPO variability and is almost on par with the 
influence of atmospheric internal variability.

3.3  The influence of SPO/SPQ on following ENSO

The abovementioned results have revealed the influences 
from tropical ENSO to extratropical SPO, the next question 
is how the SPO affects subsequent ENSO. As mentioned 
earlier, there is a strong likelihood that the SPO initially 
drives the underlying ocean to generate the SPQ through 
surface heat fluxes (Ding et al. 2015b), and then through 
air-sea interaction across the extratropical South Pacific, 
gradually transfers the anomaly signal equatorward, thereby 
invoking Bjerknes feedback (Bjerknes 1969) and trigger-
ing the ENSO event. Figure 7a uncovers a peak correlation 
(R = 0.34; significant at the 99% confidence level) when 
the monthly atmospheric SPO index precedes the oceanic 
SPQ index by a single month. Additionally, the FMA0 
SPO index exhibits the highest correlation (R = 0.57; sig-
nificant at 99% confidence level) with the SPQ index in 
MAM0 (March–April–May), rather than with other seasons 
(Fig. 7b). Furthermore, the distribution of SSTAs related to 
SPO (Fig. 1b) closely resembles the distribution of SSTAs 
related to SPQ (Fig. 8a). Both SSTA fields (Figs. 1b and 
8a) exhibit two positive SSTA centers over the Tasman Sea 
near the southeast Australian coastline and proximate to the 
Bellingshausen Sea, along with two negative SSTA center 
over the Ross Sea and off the west coast of Chile. Hence, 
we can conclude that the oceanic mode forced by the SPO 
is indeed the SPQ, or alternatively, the atmospheric-driven 
mode of the SPQ is the SPO.

Several studies have illustrated the mechanisms through 
which how boreal winter ENSO events are influenced by 

Fig. 6  Standard deviation of the ensemble-mean SPOI (red bar) and 
the standard deviation of individual simulation members relative to 
the ensemble-mean SPOI (gray bar) based on HIST outputs, which 
indicate signal and noise, respectively. Black bar indicates the signal-
to-noise ratio
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the boreal spring SPQ (Ding et al. 2015b; Li et al. 2020). 
The SPQ was shown to lead to anomalous cold (warm) 
water in the southwest (southeast) Pacific, along with 
overlaying wind anomalies. These anomalies maintain 
and enhance each other, and through positive Wind-Evap-
oration-SST (WES) feedbacks (Xie and Philander 1994), 

they extend equatorward into the western-central (central-
eastern) Pacific. This extension strengthens the equatorial 
Pacific anomalous westerlies and further cultivates equa-
torial Pacific warming through the well-known Bjerk-
nes feedback during the subsequent summer and autumn 
(June–July–August, JJA0; September–October–November, 

Fig. 7  a Lead-lag relationships between the monthly SPO and SPQ 
indices, including the timing and magnitude of the peak correlation. b 
Correlation coefficients for the FMA0 SPO index with the SPQ index 

across various months. Horizonal dashed lines in both (a) and (b) 
denote the 90% confidence threshold

Fig. 8  a–d Regressions of observed SSTAs (shading; °C) and 
850  hPa wind anomalies (vector; m  s–1) for a MAM0, b JJA0, c 
SON0, and d D0JF1, against the MAM0 SPQ index. Areas with stip-

pling indicate regions of statistical significance at the 90% confidence 
level, and wind vectors exceeding the 90% confidence threshold are 
displayed
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SON0; respectively) (Fig. 8b and c). By the following winter 
(D0JF1), significant positive SSTAs, that is an El Niño, are 
fully developed in the equatorial Pacific (Fig. 8d).

However, the distinctive role of SPQ in facilitating ENSO 
event has yet to be verified within climate models. Here, 
a suite of sensitivity experiments were conducted using 
the CESM, aimed at validating whether the trigger role 
of SPQ in following ENSO events can be replicated in an 
advanced climate model. This experiment was conducted in 
three steps. First, we let the CESM model freely integrate 
for 120 years under preindustrial (1850) radiative forcing 
condition. Second, we selected ENSO-neutral years from 
the 120 years control simulation, ensuring the simulated 
Niño3.4 index in D0JF1 lay within ± 0.5 °C range, thus 
identifying 30 ENSO-neutral years for what was termed the 
CTRL simulation. Third, a 30-member sensitivity experi-
ment called the SPQ-FORCE simulation was conducted. The 
initial state for each ensemble member was extracted from 
the January 1st status of the 30 identified ENSO-neutral 
years. The SSTs during March–June over the SPQ region 

(65°S–10°S and 130°E–70°W, with a 5° buffer zone; Fig. 9) 
is nudged toward the SPQ-related SSTAs plus the climato-
logical SSTs. The SPQ-related SSTAs during March–June 
was constructed by regressing the corresponding 4 × SSTAs 
onto the MAM0 SPQ index. Each ensemble member is inte-
grated from January to second year February, for a total of 
14 months. It is important to note that this experiment has 
been designed to exclude those years predisposed to develop 
into ENSO, guaranteeing the absence of any precursors in 
initial field that might culminate in a mature ENSO event. 
This approach allows for a clear attribution of any substan-
tial shifts in SSTs over the tropical Pacific in D0JF1 solely to 
the externally imposed forcing, specifically the SPQ-related 
SSTAs.

The ensemble-mean discrepancies between SPQ-FORCE 
and CTRL, as depicted in Fig. 10a–d, reveal insights into the 
SPQ’s influence on ENSO. Initially, the simulation shows 
an absence of distinct SSTA indicators within the tropical 
Pacific (Fig. 10a). This eliminates the likelihood that any 
pre-existing tropical SSTAs contribute to an ENSO event 

Fig. 9  Prescribed SSTAs (65°S–10°S and 130°E–70°W; °C) from Jan0 to Feb1 for the SPQ-FORCE experiment in the fully coupled CESM. 
Only the shaded areas are forced by SPQ-related SSTAs (°C), while the remaining regions are set to zero
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in the experiment. Instead, it suggests that the emergence 
of an ENSO event here is more likely a result of the SPQ. 
Within the initiation phase of the South Pacific, a salient 
quadrupole-like SSTA configuration corresponding to 
SPQ manifests, along with noticeable southeasterly and 
northwesterly anomalies in the respective southwest and 
southeast Pacific regions. This configuration of SST and 

wind anomalies is favorable for WES feedback, that is, the 
anomalous southeasterly (northwesterly) in the southwest 
(southeast) Pacific strengthen (weaken) the background 
southeasterly trade wind, thereby enhancing (diminishing) 
the evaporation process, which in turn cools (heats) the sea-
water to the east (west) off Australia (Chile). During the 
following JJA0 season, South Pacific SSTAs begin to extend 

e

f

a

b

c

d

Fig. 10  a–d Ensemble-mean differences of SST (shading; °C) and 
850 hPa winds (vector; m  s–1) between the SPQ-FORCE and CTRL 
simulations in a MAM0, b JJA0, c SON0, and d D0JF1. e Time-
longitude plot of equatorial SSTAs (shading; °C) in the SPQ-FORCE 
compared to CTRL, averaged meridionally from 5°S to 5°N, from 
Jan0 to Feb1. f Probability distribution of ENSO events in the SPQ-

FORCE simulation, categorizing strong El Niño, moderate El Niño, 
neutral, moderate La Niña, and strong La Niña. Numbers above the 
bars indicate the specific probability of the corresponding events. In 
(a–e), stippling highlights regions where values reach statistical sig-
nificance at the 90% confidence level, and within (a–d), only wind 
vectors surpassing this confidence level are illustrated
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into the tropical Pacific. This extension is facilitated through 
WES feedback. Over time, the contrasting negative and posi-
tive SSTAs in the western and in the central-eastern equato-
rial Pacific emerge, these anomalies lead to an energized 
gradient in the SST across the western-central Pacific. This 
SST gradient further generates and strengthens the westerly 
anomalies over the western equatorial Pacific. The anoma-
lous westerlies then further induce warm ocean Kelvin wave 
that propagates eastward and downward. Consequently, by 
the ensuring winter, significant El Niño-like SSTAs surpass-
ing 0.5 °C materialize within the equatorial Pacific.

To examine the equatorial Pacific SST evolution in 
details, Fig. 10e portrays the time-longitude illustration, 
contrasting the ensemble-mean SSTAs within the sensitiv-
ity experiments against the control experiments. From the 
onset in Jan0 through May0, the equatorial Pacific reveals no 
substantial warm SSTAs. While after Jun0, which marks the 
termination of prescribed SPQ-related SSTA forcing in the 
sensitivity simulation, noteworthy positive SSTAs begin to 
develop around 100°W in the eastern Pacific, complemented 
by the inception of negative SSTAs near 150°E. The warm 
equatorial SSTA center over the eastern Pacific then gradu-
ally develops westward and strengthens over time through 
Bjerknes feedback. During the D0JF1 season, coinciding 
with typical ENSO peak time, the maximum SSTAs posi-
tion over 180–135°W. These simulated boreal winter SSTAs 
in the CESM align in magnitude and location with that in 
observation (Fig. 8d). While previous research emphasized 
the distinct role that precursors in the South Pacific play on 
the emergence of eastern Pacific (EP) El Niño (Ding et al. 
2015a; You and Furtado 2017), the present analysis identi-
fies a more pronounced affinity of SPQ with central Pacific 
(CP) El Niño (Ashok et al. 2007; Yu and Kao 2007; Kao 
and Yu 2009; Kug et al. 2009) both in observation and simu-
lation. This distinction underscores the potentially unique 
contribution of SPQ in ENSO forecasting, particularly under 
the recent scenario that the CP El Niño happened more and 
more frequently (Gan et al. 2023).

Apart from analyzing ensemble-mean results, we also 
analyzed the 30 individual ensemble members to see the 
probability of a positive SPQ in inducing an El Niño. Events 
were categorized according to the Niño3.4 index as follows: 
neutral events (within ± 0.5 °C), moderate El Niño events 
(exceeding 0.5 °C but less than 1 °C), strong El Niño events 
(exceeding1°C), moderate La Niña events (below –0.5 °C 
but greater than –1 °C), and strong La Niña events (below 
–1 °C) (Fig. 10f). Within the 30 members analyzed, strong 
El Niño events constitute 13.3% of occurrences, and mod-
erate El Niño events account for 33.3%. This significant 
change from 30 neutral events to 14 El Niño events indi-
cates a 46.6% probability of SPQ catalyzing a shift from 
what might typically result in a neutral occurrence into an 
El Niño event. These findings, in alignment with existing 

observational analysis, further highlight the pivotal role that 
the boreal spring extratropical SPQ plays in the genesis of 
ensuring winter tropical ENSO.

4  Summary and discussion

In the present research, through observational analyses and 
numerical model experiments, we identified bidirectional 
influences between ENSO and the atmospheric (SPO) and 
oceanic (SPQ) variability modes, both situated within the 
South Pacific. We proved with forced model experiments 
that central tropical Pacific SSTAs associated with ENSO 
events can produce a teleconnection to the Southern Hemi-
sphere to compete with atmospheric internal variability to 
control the formation of the SPO. We were able to show that 
the ENSO forcing, and the atmospheric internal dynamics 
are equally important and have comparable contribution to 
the interannual variability of the SPO. We next demonstrated 
that the atmospheric SPO can later trigger a SPQ event one 
month later. With a SPQ-related SSTA forcing experiment, 
we verified that the SPQ can evolve equatorward via the 
WES feedback mechanism and help give rise to an ENSO 
event. In addition, we should point out here that the sig-
nificant role of SPQ in the development of ENSO does not 
deny the important role of tropical Pacific precursors, which 
are definitely important parts in ENSO forecast operation 
(DiNezio et al. 2017).

In the pursuit of enhancing ENSO prediction, a broader 
examination of climate modes from other oceans is war-
ranted. Distinct phenomena, exemplified by the Indian 
Ocean Dipole (IOD; Saji et al. 1999), along with the dynam-
ics within North Tropical Atlantic (NTA), are also recog-
nized as potential ENSO precursors (Ham et al. 2013; Wang 
et al. 2017). Nonetheless, positive phases of the IOD and 
the NTA typically manifest a negative correlation with the 
ensuing year ENSO. This means that when the IOD and 
NTA are in their positive phases, they often promote the 
onset of ensuing La Niña events, even though these positive 
phases frequently coincide with El Niño occurrences. Such 
dynamics suggest that the IOD and NTA act as transitional 
agents, having the capacity to trigger single-year ENSO 
events. Contrastingly, the positive phase of the SPO and SPQ 
examined in this study, while also concurrent with El Niño 
events, exhibits a positive correlation with ENSO in the 
following year, which predisposes the climatic system to a 
subsequent El Niño. This relationship highlights the distinc-
tive character of SPO/SPQ compared to other known ENSO 
precursors. Unlike the IOD and NTA, SPO/SPQ's behavior 
suggests an inherent capability to sustain, rather than merely 
transition, ENSO events. Consequently, the unique attrib-
utes of SPO/SPQ make it conducive to the development of 
multi-year ENSO events. This two-way influences between 
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ENSO and SPO/SPQ provide a new perspective to under-
stand ENSO complexity. These connections could also help 
us better predict how ENSO will act under climate changes. 
These are important scientific questions that merit further 
investigation.
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