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Abstract
The persistence of multi-year La Niña events (MLa Niñas) drives catastrophic climate anomalies
worldwide, yet their initiation and maintenance mechanisms remain poorly understood. The con-
ventional recharge/discharge theory effectively explains MLa Niñas preceded by strong El Niño
events (SE-MLa Niñas), but fails to account for MLa Niñas occurring without preceding strong
El Niño influences (NSE-MLa Niñas). Here we show, through integrated observational analyses
and climate model simulations, that the Pacific meridional mode (PMM) acts as a key driver for
the initiation and maintenance of NSE-MLa Niñas. Unlike SE-MLa Niñas, which rely on El Niño-
induced oceanic memory, NSE-MLa Niñas are sustained by the PMM-related subtropical air–sea
coupling processes, notably through an intensified wind–evaporation–sea surface temperature
feedback mechanism as quantitatively diagnosed in this study. Future projections indicate that
under global warming scenarios, the frequency of NSE-MLa Niñas may increase more relative to
SE-MLa Niñas, possibly due to the enhanced PMM variability. These findings deepen our under-
standing of ENSO dynamics by uncovering subtropical processes as critical drivers of persistent La
Niña conditions, with profound implications for advancing ENSO prediction systems.

1. Introduction

La Niña events (La Niñas), unlike El Niño events
(El Niños), are more prone to extend over two or
more years, evolving into multi-year La Niña events
(MLa Niñas) (Hu et al 2013, Timmermann et al 2018,
Wang et al 2023). These extended La Niñas signific-
antly increase the cumulative risk of extreme weather
events globally. Manifestations range from severe
flooding in Southeast Asia (Raj Deepak et al 2019)
and northern Australia (Holgate et al 2022, Huang

et al 2024) to prolonged droughts and wildfires in the
southern United States and parts of South America
(Cole 2002, Okumura et al 2017). Such events fur-
ther drive extreme summer heatwaves in East Asia
(Iwakiri and Watanabe 2021, Yeo and Kim 2021) and
induce marked zonal shifts in Antarctic sea ice con-
centrations during austral winter (Zhu and Yu 2022).
Particularly, the recent 2020–2023 ‘triple-dip’ LaNiña
exemplifies these impacts, having contributed to per-
sistent flooding in eastern Australia while intensify-
ing droughts in the United States and East Africa
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(Jones 2022). Consequently, understanding the
mechanisms behindMLaNiñas has therefore become
a critical focus in recent ENSO research.

MLa Niñas are often linked to preceding strong
El Niños, which are hereafter referred to as SE-MLa
Niñas. SE-MLa Niñas have been attributed to a slow
recharge process of ocean heat content or warmwater
volume (WWV) in the tropical Pacific (Wyrtki 1985,
Jin 1997, Meinen and McPhaden 2000), as seen in
1998–2000 and 2016–2018 MLa Niñas that followed
the 1997 and 2015 super El Niño event, respect-
ively (McPhaden 1999, Wu et al 2018, Iwakiri and
Watanabe 2021). However, some MLa Niñas often
occur with no preceding strong El Niño events (Jones
2022, Kim et al 2023, Shi et al 2023), which are here-
after referred to asNSE-MLaNiñas. The development
and maintenance of these NSE-MLa Niñas cannot
be fully accounted by the conventional recharge/dis-
charge mechanism. For instance, Kim et al (2023)
noted that the recharge/discharge theory (Jin 1997)
overemphasized the role of preceding strong ElNiños,
as approximately 64% of MLa Niñas since 1900 have
been NSE-MLa Niñas. Furthermore, recent studies
have begun to highlight the role of extratropical
processes in driving MLa Niñas. In particular, the
Pacific meridional mode (PMM), which is a lead-
ing mode of coupled ocean–atmosphere variability
in the subtropical Pacific characterized by meridi-
onal SST and wind anomalies that can propagate
equatorward viawind–evaporation–SST (WES) feed-
back, has been identified as a key precursor for La
Niña development (Amaya 2019, Chiang and Vimont
2004, Zhang et al 2014). Kim et al (2023) and Shi
et al (2023) further emphasized the dominant role
of PMM-related subtropical anomalies in initiating
and sustaining NSE-MLa Niñas, challenging the tra-
ditional equatorial-centric view. While existing stud-
ies have established the importance of PMM vari-
ability in La Niña development, a systematic under-
standing of its role in NSE-MLa Niñas remains
incomplete, especially when compared to the well-
established recharge/discharge theory for SE-MLa
Niñas (McPhaden 1999, Meinen and Mchaden 2000,
Latif et al 2015, Iwakiri andWatanabe 2021). Building
on earlier findings, this study aims to quantify the
distinct roles of North PMM (NPMM) and South
PMM (SPMM) throughout the life cycle of NSE-MLa
Niñas, delineate the two-way feedback loop between
subtropical PMM anomalies and equatorial ENSO
dynamics, and project their future changes under
high-emission scenarios.

In this study, we analyze observations in com-
bination with climate model data from the Coupled
Model Intercomparison Project Phase 6 (CMIP6) to
demonstrate that the PMM variability serves as a
crucial driver for initiating and sustaining NSE-MLa
Niñas. Additionally, our future projections suggest
that NSE-MLa Niñas will occur more frequently than

SE-MLa Niñas in a warming climate, likely driven
by the enhanced PMM variability. By quantifying the
strength of theWES feedback, we provide direct evid-
ence for the PMM-driven mechanisms in initiating
NSE-MLa Niñas. Our findings underscore the grow-
ing significance of PMM variability in diving the ini-
tiation and maintenance of MLa Niñas.

2. Data

2.1. Observed data
This study utilizes monthly SST data from three dif-
ferent sources: (1) the Hadley Center Sea Ice and SST
dataset version 3 (HadISST) (Rayner et al 2006); (2)
the Extended Reconstructed SST version 4 from the
National Oceanic and Atmospheric Administration
(Smith et al 2008), and (3) the Kaplan Extended SST
version 2 (Kaplan SST) (Kaplan et al 1998). Monthly
atmospheric fields, including surface winds, u10m
winds, latent heat flux (LHF), and shortwave radi-
ationwere obtained from theNCEP/NCAR reanalysis
1 (Kalnay et al 1996). The oceanic subsurface temper-
ature data at a resolution of 1◦ × 1◦ for the period
1980–2024 came from the Institute of Atmospheric
Physics (IAP), Chinese Academy of Sciences span-
ning 1948–2024 was also used (Cheng et al 2017), and
the NCEP Global Ocean Data Assimilation System
(GODAS; Behringer and Xue 2004). All anomalies are
computed relative to the climatological annual cycle
from 1991 to 2020.

2.2. CMIP6 simulations
To investigate the accuracy and robustness of the
role of extratropical Pacific processes in initiat-
ing and maintaining NSE-MLa Niñas as indicated
by reanalysis data, we here analyzed the historical
(1900–1999) simulation outputs from the coupled
general circulation models participating in CMIP6
(table S2; Eyring et al 2016). Our hypothesis posits
that the influence of SE-MLa Niñas and NSE-MLa
Niñas arises from a complex interplay of tropical–
subtropical interaction processes. Accurate simula-
tion of the SPMM roles in developing these events
requires models that effectively capture the NPMM-
and SPMM-ENSO connections and the distinct La
Niña phenomena. Additionally, we employed simu-
lations under SSP126, 245, and 585 scenarios (2000–
2099) to investigate future changes in the frequency
of the two types of MLa Niñas and their association
with SPMM variability.

3. Methodology

3.1. Definition of MLa Niña
For the observational analysis, anMLa Niña is identi-
fied using monthly SST anomalies averaged over the
5◦ S to 5◦ N and 120◦ to 170◦ W (referred to as the
‘Niño3.4 index’) for the period 1948–2024 (Wang et al
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2023). An MLa Niña is characterized by a Niño 3.4
index below −0.5 S.D. in any winter months from
October to February from year (0) to year (1), and
thereafter remain below zero for at least five con-
secutive months (Ding et al 2022). Based on these
criteria, ten MLa Niñas occurred during 1948–2024
(figure 1(a) and table S1). The definitions of MLa
Niñas are consistent across both CMIP6 models and
observations. Furthermore, a strong (weak) El Niño
event is defined as a winter (October (0)–February
(1)) Niño34 index greater than or less than 1 S.D.
It is important to note that as shown in figure S1,
the winter Niño3.4 index from 1900 to 2024 is calcu-
lated using three different SST datasets. Considerable
discrepancies exist among the datasets prior to 1948,
whereas post-1948 ENSO events are largely consist-
ent. Accordingly, all reanalysis-based results in this
study are derived from the 1948 to 2024 period.

3.2. NPMM, SPMM, and other related indices
TheNPMMindex is calculated by the normalized SST
anomalies over the region of subtropical northeast-
ern Pacific (15◦−25◦ N and 175◦ E−90◦ W) (Amaya
2019, Zheng et al 2024).We calculate the SPMMindex
as the area-averaged SST anomalies over the subtrop-
ical South Pacific (15◦–25◦ S, 110◦–80◦W), following
Zhang et al (2014). To test robustness, we conducted
sensitivity analyses using alternative domains, includ-
ing a broader range (10◦–35◦ S, You and Furtado
2017). The key patterns and conclusions concerning
the SPMM’s role in La Niña initiation and persistence
remain consistent, confirming that our findings are
not sensitive to the precise latitudinal definition and
that the identified subtropical influence is physically
robust. The WWV index, defined as the volume of
water above the 20 ◦C isotherm between 5◦ N–5◦ S
and 120◦ E–80◦ W (Meinen and McPhaden 2000).
Our analysis primarily relied on data from the IAP,
Chinese Academy of Sciences (Cheng et al 2017), due
to its temporal coverage matching our study period.
We also derived monthly WWV values using temper-
ature data from the NCEP GODAS; however, since its
record begins in 1980, the resulting index served only
for reference and validation.

3.3. Statistical significance test
We employed bootstrap method (Austin and Tu
2004) to determine whether the SE-MLa Niñas or
NSE-MLa Niñas differs significantly in observational
data andCMIP6 simulations. To do this, we randomly
resampled the winter of year (−1) Niño34 andWWV
indices from SE-MLa Niñas and NSE-MLa Niñas,
generating 10 000 realizations for both types of MLa
Niñas. In this process, any model could be selected
multiple times. This method can also be used to test
the significance of the difference between the occur-
rence frequencies of SE-MLa Niñas and NSE-MLa

Niñas. Additionally, the statistical significance of cor-
relations and composites was evaluated using a two-
tailed Student’s t-test with n−2◦ of freedom, where n
is the number of years.

3.4. Oceanmixed-layer heat budget analysis
We also applied the mixed-layer heat budget analysis
as follows:
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where T, u, v, and w represent the temperature,
zonal current, meridional current, and vertical cur-
rent, respectively, within a constantmixed layer depth
H. The value H is set to 30 m, which corresponds
to the climatological mixed layer depth. Q denotes
the total surface heat flux; ρ is the seawater dens-
ity, and Cp is the ocean’s heat capacity. R0 refers to
the residual term. Variables with (‘) represent anom-
alies, while those with a bar (¯) denote climato-
logy values. The mixed-layer temperature tendency
(◦C month−1) is primarily driven by three key pro-
cesses: zonal heat advection (zonal advective feed-
back; −u ′∂T̄/∂x), vertical heat advection (thermo-
cline feedback; −w̄∂T ′/∂z), and vertical heat advec-
tion (upwelling feedback; −w ′∂T̄/∂z). These pro-
cesses are linked to anomalous zonal currents, vertical
shifts in the thermocline, and upwelling, respectively.

3.5. Quantification ofWES feedback strength
The strength of WES feedback is estimated following
the coupled feedback framework of Xie (1999) and
Vimont et al (2003). Over the NPMM and SPMM
region, we compute monthly anomalies of surface
wind speed at 10 m (U10), LHF, and SST. The WES
feedback intensity (βWES) is defined as:

βWES =−
(
∂LHF

∂U10

)
·
(
∂SST

∂LHF

)
where the partial derivatives are derived from linear
regression over the onset phase (MAM–JJA) of each
MLa Niñas.

4. Results

4.1. Comparisons of SE-MLa Niñas and NSE-MLa
Niñas
Since 1948, tenMLaNiñas have been identified, com-
prising those preceded by strong El Niños (SE-MLa
Niñas) and those without preceding strong El Niños
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Figure 1. Evolutions of Niño3.4 and WWV indices for SE-MLa and NSE-MLa La Niña events in observations. (a) The October
(–1)–February (0) (OND–1JF0) averaged Niño3.4 index (◦C) during 1948–2024. Red and blue boxes indicate SE-MLa Niñas and
NSE-MLa Niñas, respectively. (b), (c) Time evolutions of the Niño3.4 index (◦C) and the WWV index (1014 m3) from year (–1)
to year (2) for SE-MLa Niñas and NSE-MLa Niñas. The thick blue and orange lines represent the average evolution of each event
type, respectively. (d) Phase space evolutions of the monthly averaged Niño3.4 (x-axis; ◦C) and WWV (y-axis; m3) indices during
the SE-MLa Niñas and NSE-MLa Niñas. (e), (f) Histograms of 10 000 bootstrap realizations of the OND–JF0 Niño3.4 and May–
September (–1) (MJJAS–1) WWV indices for the SE-MLa Niñas and NSE-MLa Niñas. Vertical orange and blue lines indicate the
mean values of the 10 000 realizations for each event type. Gray shaded areas represent the 95% confidence intervals, defined as
twice the standard deviation of the 10 000 realizations under a normal distribution.

(NSE-MLa Niñas), with a cumulative duration span-
ning 23 La Niña years (figure 1(a), table S1). The
classification results show that over the past 76 years,
the occurrence frequency of SE-MLa Niñas and NSE-
MLa Niñas is comparable, with each type occurring
5 times. This finding aligns with previous research
conclusions (Wang et al 2023), challenging the pre-
vailing view that the development of MLa Niñas
is predominantly dependent on preceding strong El
Niño occurrences. Similarly, although the frequency
of NSE-MLa Niñas is lower than that of all La Niña
events (figure 1(a)), their occurrence exhibits signific-
ant variability. Specifically, in the 53 year period prior
to 2000, three such events were recorded, whereas two

events have occurred in the 24 years since 2000. The
comparison of these periods reveals an approximately
46% increase in the annual incidence rate of NSE-
MLa Niñas after the year 2000, indicating a marked
upward trend in their frequency. Notably, one of the
twopost-2000 events is the only recorded instance of a
La Niña preceded by a weak El Niño, further exempli-
fying that such atypical NSE-MLaNiñas have become
more frequent during this recent period of heightened
activity.

The composite evolutions of the Niño3.4 and
WWV indices for SE-MLa Niñas and NSE-MLa
Niñas, covering the year before El Niño (–1), and the
La Niña onset (0), the year following onset (1), and
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Figure 2. Longitude-time evolution of SST anomalies in the equatorial Pacific, northeastern Pacific, and southeastern Pacific.
Composite SST anomalies (◦C) evolutions of (a), (c), (e) SE-MLa Niñas and (b), (d), (f) NSE-MLa Niñas. Panels (a), (b) repres-
ent the NPMM-related region. Panels (c), (d) donate the equatorial Pacific of ENSO. Panels (d), (e) represent the SPMM-related
region. Black dots in panels (a)–(f) mark composite values exceeding the 0.1 significance level. Black boxes in panels (e) and (f)
highlight significantly differences in the SPMM region for the SE-MLa Niñas (e) and NSE-MLa Niñas (f), respectively. Yellow
arrows in panel (d) and (f) indicate the eastward and equatorward propagation of negative SPMM-like SST anomalies during
NSE-MLa Niñas. Panels (g)–(h) show the normalized temporal evolution of NPMM (red lines) and SPMM (blue lines) indices
during SE-MLa Niñas (g) and NSE-MLa Niñas (h), respectively. The colored shading indicates interquartile ranges between the
25th and 75th percentiles.

the year of decay (2), are shown in figures 1(b) and
(c). SE-MLa Niñas are characterized by an averaged
Niño3.4 index of 2.2 ◦C (figure 1(b)) from October
(–1) to February (0) (OND–1JF0) and a meanWWV
index of 1.8 × 1014 m3 (figure 1(c)) from May (–1)
to September (–1) (MJJAS–1). In contrast, NSE-MLa
Niñas exhibit significantly weaker indices, with an
average Niño3.4 index of 0.45 ◦C (figure 1(b)) during
OND–1JF0 and a WWV index of 0.3 × 1014 m3 dur-
ing MJJAS–1 (figure 1(c)), representing approxim-
ately one-sixth the intensity of these indices observed
in the preceding El Niños of SE-MLa Niñas. These
differences in both the Niño3.4 and WWV indices
between SE-MLa Niñas and NSE-MLa Niñas are sig-
nificant at the 99% confidence level (figures 1(e) and
(f)). Additionally, there exists a significant lead-lag
relationship between the WWV and Niño3.4 indices
during SE-MLa Niñas, with the WWV index lead-
ing by two to three seasons (figure 1(d)). This sug-
gests that the initiation and maintenance of SE-MLa
Niñas are closely associated with a pronounced and
strong discharge process in the equatorial Pacific (Wu
et al 2018, Iwakiri and Watanabe 2021). However,
no such lead-lag relationship is observed between
the WWV and Niño3.4 indices throughout the entire
cycle of NSE-MLa Niñas, particularly during the

period during year (–1) to year (0). Moreover, the
intensity of the WWV index does not align with
the intensity of subsequent La Niñas in year (0) and
(1), respectively (figure 1(d)). This suggests a much
weaker discharge process in the equatorial Pacific
during NSE-MLa Niñas.

4.2. The PMMmechanism for the formation of the
NSE-MLa Niñas
Previous studies have shown that PMM variability
(including both the NPMM and SPMM, through
tropical–subtropical interactions, can effectively ini-
tiate ENSO variability (Jia et al 2021, Park et al 2021,
Kim et al 2023, Shi et al 2023). The SST anomalies
associated with these PMMs propagate equatorward
through the WES feedback (Xie 1999, Vimont et al
2003), where these anomalous can facilitate LHFs
and reinforce meridional SST gradients. In the case
of NSE-MLa Niñas, the WES-mediated propagation
is visually depicted in figure 2(f) (yellow arrows).
However, research on these PMM precursors has
primarily focused on their effects on the onset of gen-
eral ENSO events (Amaya 2019, Zhang et al 2014, You
and Furtado 2017, Ding et al 2022), while less atten-
tion has been paid to the distinct role of the PMM in
the sustained evolution and multi-year persistence of
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NSE-MLa Niñas. Although recent studies (e.g. Kim
et al 2023, Shi et al 2023) have clearly demonstrated
the central role of the PMM in triggering these events,
the mechanisms by which the PMM contributes to
their unique prolonged lifecycle, in contrast to canon-
ical ENSO events, require further examination. This
study specifically focuses on these unresolved aspects.

Figures 2(a)–(f) presents the composite evolu-
tions of SST anomalies in the subtropical North
Pacific (NPMM-related region; 15◦ N–25◦ N, 180◦–
80◦ W; figures 2(a) and (b)), equatorial Pacific (5◦ N–
5◦ S, 140◦ E–80◦ W; figures 2(c) and (d)), and sub-
tropical South Pacific (SPMM-related region; 15◦ S–
25◦ S, 110◦–80◦ W; figures 2(e)–(f)) for SE-MLa
Niñas and NSE-MLa Niñas. For SE-MLa Niñas,
accompanied by a strong discharge process in the
equatorial Pacific following the decay of strong El
Niños in year (–1) (figure 2(c)), negative SST and
easterly wind anomalies rapidly emerge in the cent-
ral equatorial Pacific during spring of year (0) (figure
S2). Meanwhile, subsurface cold-water anomalies
accumulate in the central equatorial Pacific, sub-
sequently propagating eastward and upward along
the thermocline (figure S3). These anomalies together
reinforce the thermocline and zonal advection feed-
backs (Bjerknes 1969), with thermocline feedback
playing a dominant role (figure S4(a)), thereby driv-
ing the formation of the first-year LaNiña inwinter of
year (0) (figure 2(c) and figure S2). Subsequently, the
prolonged oceanic adjustment, caused by the exten-
ded recovery period of the strong discharge process
during year (1), would maintain negative SST anom-
alies in the equatorial Pacific, ultimately leading to the
recurrence of La Niña conditions in the subsequent
periods (figures 2(c) and S3).

In contrast, due to the weak discharge pro-
cesses in the equatorial Pacific (figures 1(d), 4 and
S5), the initiation of NSE-MLa Niñas appears to
be more strongly influenced by subtropical pro-
cesses (figures 2(f) and (h)). Specifically, following
the decay of weak El Niños during winter of year
(–1) (figure 2(d)), negative SST anomalies do not
first emerge in the eastern equatorial Pacific, but
rather begin to appear in the southeastern Pacific
regions associated with the SPMM during the early
spring of year (0), gradually intensifying over time
(figures 2(f), S6 and S7). Then, these SPMM-related
negative SST anomalies propagate from the south-
eastern Pacific into the equatorial eastern Pacific via
the WES feedback (yellow arrows in figure 2(f); see
also figures S6 and S7). To further quantify the evol-
ution of the SPMM-related anomalies during NSE-
MLa Niñas, we examine the difference between their
early and mature developmental phases (figures 2
and S6). The difference fields in SST and surface
winds are statistically significant (p < 0.05) over the
southeastern subtropical Pacific and the equatorial
eastern Pacific (figure S8). This statistically robust

progression confirms that the SPMM signal not only
emerges in the subtropics but undergoes a significant
amplification and equatorward extension as the event
matures, reinforcing its role in initiating and sustain-
ing tropical cooling.

The coupling strength of this feedback is quanti-
fied in figure S9, which shows the area-averaged βWES

computed over the SPMM domain region during
MAM (0)–JJA (0). The magnitude of βWES is much
larger in NSE-MLa Niñas than in SE-MLa Niñas
(differences significant at p < 0.05 in figure S10(a)
and differences significant at only p < 0.2 in figure
S10(b)), especially during year (0), confirming the
dominance ofWES dynamics in initiating these NSE-
MLa Niñas. Furthermore, the distinct air–sea coup-
ling processes associated with NPMM and SPMM are
illustrated in figure S11, where regression analyses
reveal that SPMM variability is more strongly linked
to LHF anomalies (consistent with WES feedback),
whereas NPMM variability shows a closer relation-
ship with shortwave radiation changes. These anom-
alies subsequently intensify the zonal SST gradient in
the tropical Pacific, thereby strengthening the anom-
alous easterly winds. The enhanced easterlies in turn
amplify both zonal advection and thermocline feed-
backs, with the zonal advection feedback (particu-
larly that associated with the SPMMplaying a domin-
ant role; figures S4(b) and 11) (Bjerknes 1969). These
processes ultimately culminate in the occurrence of
the occurrence of the first La Niña during the winter
of year (0).

As previous studies have shown, the development
of a La Niña event can usually trigger extratropical
variability similar to the North Pacific Oscillation
(NPO) (Rogers 1981) or South Pacific Oscillation
(SPO) (Salinger et al 2001) through remote tele-
connections (Anderson 2003, Vimont et al 2003).
Therefore, after the first-year La Niña event devel-
ops, it excites these NPO and SPO atmospheric vari-
abilities, subsequently inducing negative SST anom-
alies analogous to the NPMM and SPMM in the
subtropical Northeastern and Southeastern Pacific,
thereby contributing to sustain persistent La Niña
conditions (Kim and Yu 2020, Geng et al 2023, Shi
et al 2023). Critically, recent work highlights that the
efficiency of this reverse feedback depends on the
intensity and spatial pattern of the La Niñas (Fan
et al 2022). In our NSE-MLa Niñas, the La Niña
that matures in winter (0) possesses a spatial struc-
ture, characterized by persistent cooling extending
into the central-to-eastern equatorial Pacific, which
effectively projects its signal into the subtropics via
an atmospheric bridge (Alexander et al 2002). This
induces a local atmospheric circulation response con-
ducive to negative sea-level pressure and wind anom-
alies over the subtropical Pacific, reinforcing negative
SST anomalies there through the WES feedback and
thus closing a two-way feedback loop. Notably, as
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Figure 3. Schematic diagram illustrating the PMMmechanism that initiates and maintains NES-MLa Niñas. In spring of year (0),
under the weak equatorial recharge/discharge conditions along with a weak El Niño event in year (–1), the negative SST anom-
alies linked to the SPMM initially emerge in the southeastern equatorial Pacific. These SST anomalies propagate equatorward via
the WES feedback which can enhance the zonal SST gradient and intensify easterly winds over the equatorial Pacific. This process
initiates the first-year La Niña development in winter of year (0). As the La Niña matures, it in turn induces atmospheric telecon-
nections that reinforce NPMM- and SPMM-like patterns. Combined with ongoing equatorial recharge/discharge processes, these
feedback processes sustain cold SST anomalies, ultimately leading to a second La Niña in winter (1).

revealed by Fan et al (2023), a large PMM index can
arise even from strong tropical SST anomalies alone,
cautioning against interpreting the index solely as
a measure of subtropical variability. In our frame-
work, this means the La Niña-induced subtrop-
ical response—even if the resultant subtropical SST
anomalies are not extreme—can project effectively
onto the canonical PMM pattern, resulting in a per-
sistently negative phase in the index and reinforcing
the statistical–dynamical linkage between the tropics
and subtropics.

Therefore, the development of the first-year La
Niña event excites North and South Pacific atmo-
spheric variability (e.g. NPO and SPO), which sub-
sequently induces PMM-like negative SST anomalies
in the subtropical Pacific, contributing to sustained La
Niña conditions (Kim and Yu 2020, Geng et al 2023,
Shi et al 2023). This indicates that subtropical pro-
cesses likely support both the onset and persistence
of NSE-MLa Niñas.

The evolution of the NPMM and SPMM indices
further differentiates the SE-MLa Niñas and NSE-
MLa Niñas. For SE-MLa Niñas (figure 2(g)), both
PMM indices align in phase with La Niña develop-
ment only from year (1) onward, and their overall sig-
nal remains weak (or off phase) in year (0), suggesting
limited sustained subtropical–tropical coupling this
period. In contrast, for NSE-MLaNiñas (figure 2(h)),
the SPMM index is already in phase with La Niña
from year (0), while the NPMM synchronizes from
year (1). Both indices exhibit stronger and more per-

sistent anomalies that co-evolve with the MLa Niña,
indicating an active feedback loop in which the ini-
tial LaNiña reinforces subtropical anomalies that help
prolong its duration. This early SPMM phase align-
ment and its distinct spatial origin—cooling devel-
oping in the subtropical southeastern Pacific along-
side coherent wind anomalies—suggest active local
air–sea coupling. This coupled, subtropical origin dif-
fers fundamentally from coastal, ocean-propagated
ENSO onset, indicating that the early SPMM acts
as an independent subtropical forcing mechanism in
NSE-MLa Niñas. A schematic summary of the PMM
mechanism presented above is presented in figure 3,
illustrating how subtropical PMM variability initi-
ates and sustains NSE-MLa Niñas through coupled
ocean–atmosphere processes that link the subtrop-
ics and tropics. During winter (–1), the weakened
recharge/discharge process in the tropical Pacific
enables negative SST anomalies associated with the
SPMM to propagate toward the eastern equatorial
Pacific through the WES feedback. These anomalies
modify the zonal SST gradient and strengthen easterly
winds, creating favorable conditions for the develop-
ment of the first La Niña event during winter of year
(0). The maturing La Niña event can trigger atmo-
spheric teleconnections (NPO- and SPO-like variab-
ilities), which reinforce NPMM- and SPMM-like SST
patterns. These patterns interact with recharge/dis-
charge dynamics in the equatorial Pacific, sustaining
cold SST anomalies into winter of year (1) and ulti-
mately forming an MLa Niña.
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Figure 4. Occurrence frequency of SE-MLa Niñas and NSE-MLa Niñas under the historical and future SSP scenarios. (a) Number
of SE-MLa Niñas (orange bars) and NSE-MLa Niñas (blue bars) in the historical (1900–1999) CMIP6 simulations. Models that
simulate more SE-MLa Niñas than NSE-MLa Niñas in number are grayed out. (b) Histograms of 10 000 bootstrap realizations
for the number of SE-MLa Niñas (blue bars) and NSE-MLa Niñas (orange bars) in CMIP6 historical simulations. The blue and
orange lines represent the average values of these 10 000 realizations for SE-MLa Niñas and NSE-MLa Niñas, respectively. Gray
shaded areas represent the 95% confidence intervals, defined as twice the standard deviation of the 10 000 realizations under a
normal distribution (see methods). (c) Phase space evolution of the monthly averaged Niño3.4 (x-axis; ◦C) and WWV (y-axis;
m3) indices during the SE-MLa Niñas and NSE-MLa Niñas based on the MME. (d) The OND–1JF0 averaged Niño3.4, MJJAS–1
WWV, and MAMJJ0 SPMM indices SE-MLa Niñas and NSE-MLa Niñas in the historical CMIP6 simulations.

4.3. Simulated impacts of the PMM onNSE-MLa
Niñas
Historical simulations (1900–1999) from 34 selec-
ted CMIP6 models provide compelling evidence for
the key role of PMM-related processes in initiating
and maintaining NSE-MLa Niñas (figure 4). Despite
inter-model variability in the frequency ofMLaNiñas
occurrence, most models successfully reproduce both
SE-MLa Niñas and NSE-MLa Niñas (figure 4(a)).
The multi-model ensemble (MME) reveals a near-
equal partition of MLa Niñas events—52% classified
as SE-MLa Niñas and 48% as NSE-MLa Niñas—a
result that closely aligns with observational estimates
(figure 4(a) and S12). Bootstrap tests further confirm
that the difference between these two types is not stat-
istically significant (figure 4(b)).

In CMIP6 models, SE-MLa Niñas are character-
ized by pronounced anomalies in both Niño3.4 and

WWV indices during their growth and persistence
phases (figure 4(d) and figure S13). The phase-space
trajectories of WWV versus Niño3.4 indices reveal a
distinct lead-lag relationship, indicative of a robust
recharge/discharge process (figure 4(c)). Meanwhile,
the SST anomalies associated with the SPMM and
NPMM are much weaker compared with those in the
equatorial Pacific (figures 4(d) and S14).

By contrast, NSE-MLa Niñas exhibit signific-
antly weaker Niño3.4 and WWV indices during year
(–1), with no clear phase coherence between the two
indices. This suggests a weakened recharge/discharge
process in the equatorial Pacific (figures 4(c), (d) and
S15). Furthermore, these events feature pronounced
subtropical SPMM signal during spring of year (0),
with the absolute value of the SPMM index exceeding
1.1 (figures 4(d), S15 and S16). Prominent SPMM-
related SST anomalies persist into summer of year
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Figure 5. Relationship between future changes in frequency of MLa Niñas and SPMM variance. (a) The number of SE-MLa Niñas
and NSE-MLa Niñas that occurred in the SSP585 scenarios. The six models that simulate a smaller number of NSE-MLa Niñas
than that of SE-MLa Niñas are grayed out. The MME also shows the results calculated from SSP126 and SSP245 scenarios (see
supplementary figure 13 for details). (b) Variance of SPMM index in historical (1900–1999; blue bars) and future (2000–2099;
orange bars) simulations based on the 34 selected CMIP6 models. Models in which the historical variance is greater than the
future variance are shaded in gray. Error bars on the MME in (a) and (b) indicate the 95% confidence interval. (c) Inter-model
relationship between the change in the number of MLa Niñas and the changes in SPMM variability. The solid red line represents
the linear regression line. (d) Inter-model relationship between the change in the ratio of NSE-MLa Niñas to the total number of
MLa Niñas and the changes in SPMM index. The correlation coefficient (R) and p-value (P) are shown in the lower right corner
of panels (b) and (c).

(1), helping to trigger La Niña conditions in year
(0) and sustain them into the subsequent year, ulti-
mately forming an MLa Niña event. These modeling
results support the observational analysis, indicating
that subtropical PMMvariabilitymay play an import-
ant role in the initiation and maintenance of NSE-
MLa Niñas.

4.4. Projections for future climate changes
Recent studies have documented a marked increase
in the frequency of MLa Niñas over recent decades
(Timmermann et al 2018, Ding et al 2022, Geng et al
2023, Wang et al 2023). Given the distinct forma-
tion mechanisms of SE-MLa Niñas and NSE-MLa
Niñas, this raises an important question: how the
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relative occurrence of these two types responds under
future warming scenarios. To address this, we con-
duct a comprehensive analysis based on simulations
from 34 CMIP6 models (Eyring et al 2016), com-
paring the frequency changes of SE-MLa Niñas and
NSE-MLaNiñas between the historical period (1900–
1999) and future projections (2000–2099). This ana-
lysis covered three Shared Socioeconomic Pathways
(SSP126, SSP245, and SSP585; figure 5).

More than 70% of the models’ project that the
frequency of MLa Niñas will show an increasing
trend relative to historical simulations across all SSP
scenarios (figure 5(a)) illustrates results for SSP585;
outcomes for SSP126 and SSP245 are presented in
figure S17), consistent with previous findings (Jia
et al 2021, Ding et al 2022, Fan et al 2023, Geng
et al 2023). In particular, under the high-emission
SSP585 scenario, 28 out of 34 models (over 80%)
project that the number of NSE-MLa Niñas will
exceed that of SE-MLa Niñas (figure 5(a)). TheMME
results indicate that SE-MLa Niñas will moderately
increase by 25% (from approximately 4 events to
5 events per 100 years), whereas NSE-MLa Niñas
will sharply rise by 60% (from about 5 events to 8
events per 100 years). These results show that the
projected increase in the frequency of MLa Niñas
is primarily attributed to the accelerated increase in
NSE-MLa Niñas. Furthermore, as the warming for-
cing intensifies, NSE-ML LaNiña events constitute an
increasingly dominant proportion of all MLa Niñas
(figures 5(a), S12 and S17) the bootstrap test also veri-
fies this increased change (figures S18).

Given the important role of the SPMM in initi-
ating NSE-MLa Niñas, we examine whether the pro-
jected increase in NSE-MLa Niñas frequency under
future climate scenarios is dynamically linked to
the intensification of SPMM variability. We analyze
changes in the boreal spring SPMMvariability during
MLaNiñas across the 34 CMIP6models (figure 5(b)).
Notably, under the SSP585 scenario, 29 out of 34
models show significantly enhanced SPMM variab-
ility relative to historical baselines, with the MME
indicating a 28.6% increase (with a change that is
statistically significant at the 95% confidence level).
Inter-model correlation analysis reveals that models
with greater SPMM intensification consistently pro-
duce more NSE-MLa Niñas (R = 0.61; figure 5(c)).
Additionally, a positive correlation is found between
SPMM variability and the ratio of NSE-MLa Niñas
within all MLa Niñas (R = 0.63; figure 5(d)). These
findings indicate that anthropogenic warming can
enhance SPMM variability through thermodynamic
and dynamic pathways (Zhang et al 2014, You and
Furtado 2017, Ding et al 2022, Shi et al 2023), thereby
promoting the development of NSE-MLa La Niña
events.

5. Conclusion and discussion

We demonstrate that subtropical–tropical interac-
tions linked to the PMM are central to initiat-
ing and sustaining NSE-MLa Niñas. Unlike SE-
MLa Niñas, which mainly rely on preceding ENSO-
induced oceanic memory, NSE-MLa Niñas are usu-
ally initiated by enhanced SPMM-related SST anom-
alies. These anomalies can propagate equatorward via
the WES feedback, strengthening equatorial easterly
wind anomalies and promoting the initiator of first-
year La Niña in year (0) (figure 2). This La Niña
then feeds back onto both NPMM-like and SPMM-
like SST anomalies via atmospheric teleconnections,
which, together with recharge/discharge dynamics of
the equatorial Pacific, amplify cold SST anomalies
and drive a second-year La Niña in year (1), ulti-
mately giving rise to anMLa Niña event. CMIP6 sim-
ulations robustly support this mechanism (figure 3).
Furthermore, the enhanced WES feedback intensity
(βWES) during NSE-MLa Niñas onset provide dir-
ect quantitative support for the dual-role mechanism
outlined in figure 3. These diagnostics reinforce that
subtropical processes are not merely ancillary but are
fundamental to the initiation and multi-year persist-
ence of La Niña events without preceding strong El
Niño forcing.

Our results further reveal a pronounced climate-
state dependence. Under high-emission scenarios,
NSE-MLa Niñas are projected to prevail more fre-
quently than SE-MLa Niñas, particularly under
SSP585, in line with intensified SPMM variab-
ility (figure 5). This shift highlights the leading
role of subtropical variability—rather than equat-
orial dynamics alone—in shaping MLa Niñas. The
enhanced SPMM variability under future warming
is likely tied to changes in the mean-state back-
ground. Specifically, projections indicate a pro-
nounced warming over the southeastern Pacific in
CMIP6 models (Fan et al 2022), which strengthens
the climatological SST gradient and facilitates the
meridionalWES feedback essential for SPMMgrowth
(Zhang et al 2022). This altered mean state may pre-
condition the subtropical Pacific for stronger, more
frequent SPMM-like anomalies, thereby promoting
NSE-MLaNiña events (Fan et al 2023). The sensitivity
of this mechanism to anthropogenic forcing under-
scores the importance of subtropical–tropical coup-
ling in future climate variability, with implications
for both prediction and global impact assessment.

While this study elucidates a dual role of the
SPMM in both initiating NSE-MLa Niñas and,
together with the NPMM, sustaining their persist-
ence. It is also noteworthy that the linkage between
the PMM and ENSO may be modulated by low-
frequency climate variability (e.g. the Pacific decadal
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oscillation, PDO, Stuecker 2018) and other inter-
basin processes. Preliminary analysis suggests that the
SPMM-triggering mechanism for NSE-MLa Niñas
might be more active during cold phases of the
PDO. Furthermore, evidence indicates that inter-
basin drivers such as the Indian Ocean Dipole (IOD,
Ashok et al 2001), north tropical Atlantic (NTA,
Ham et al 2013) SST anomalies, and cross-equatorial
wind stresses (Wu et al 2018, Zhang et al 2024)
can also modulate ENSO evolution—for instance,
the exceptional 2020–2023 triple-dip La Niña event
has been linked to concurrent variability in the IOD
and NTA (Hasan et al 2022). Quantitatively elucid-
ating the relative contributions and interactions of
these decadal and inter-basin modulators with the
PMM–ENSO connection requires longer-term obser-
vations and model experiments capable of resolving
multi-scale interactions, which represents an import-
ant avenue for future research toward a more com-
prehensive understanding of ENSO duration and
diversity.
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