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Understanding the driving mechanisms
behind triple-dip La Niñas: insights from
the prediction perspective
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Han-Ching Chen1,2 , Yu-Heng Tseng3,4 , Jo-Hsu Huang3 & Ping-Han Juang3

This study investigates the mechanisms and predictability of multi-year La Niña events, focusing on
the 1998–2001 and 2020–2023 triple-dip events, using a physically based statistical ENSO prediction
model (EPM). The results highlight distinct driving mechanisms behind these two events. The
1998–2001 event was primarily initiated by substantial negative heat content anomalies in the
equatorial Pacific, which resulted from the preceding strong El Niño. These negative heat content
anomalies played a crucial role in sustaining cold sea surface temperature anomalies (SSTA) into the
third year. In contrast, the 2020–2023 event,which lacked significant negative heat content anomalies,
was characterized by persistent equatorial easterly wind anomalies induced by extratropical forcing
from the Southern Hemisphere. The EPM successfully captures these differences, with tropical
ocean-atmosphere coupling being the dominant factor in predictability for 1998–2001, especially
during the second year, whereas extratropical forcing played a key role in improving forecasts for
2020–2023. These findings highlight the importance of incorporating extratropical influences to
enhance the prediction skill of multi-year La Niña events, especially those with atypical tropical
precursors.

With the anticipated increase of occurrence in the future climate, the La
Niña phenomenon has received widespread attention as a crucial climate
event. La Niña is part of the El Niño-Southern Oscillation (ENSO) cycle,
characterized by quasi-periodic variations in sea surface temperatures (SST)
in the equatorial Pacific. Unlike El Niño events, La Niña events are typically
long-lasting, often extending into a second or even third year, known as
double-dip or triple-dip events, with more prolonged global impacts1–3.
Research suggested that under global warming, the frequency of multi-year
La Niña events increases significantly4,5. However, understanding and pre-
dicting multi-year La Niña events, especially triple-dip La Niña, presents
greater challenges than predicting single-year El Niño or La Niña events.
This complexity arises from the intricate interactions between theocean and
atmosphere, involving not only tropical dynamics but also extratropical
forcing6–10. Furthermore, triple-dip La Niña events have been exceedingly
rare during the period of reliable observational data after 1980, with
occurrences observed only in 1998–2001 and 2020–2023, making them
difficult to study.

Some studies have demonstrated that the asymmetry of ENSO-related
tropical ocean-atmosphere processes can explain why La Niña events often
persistmuch longer than ElNiño events. A prevailing hypothesis for several
multi-year LaNiña events is that they occur following strongElNiño events,
which provide sufficient cold anomalies of heat content through a sig-
nificant discharge process to sustain subsequent multi-year La Niña
events11,12. Additionally, Hu et al. (2014)13 argued that the off-equator cold
anomalies inheat content, associatedwith reflectedupwellingRossbywaves,
may not be conducive to the equatorial recharge of upper heat content,
thereby favoring the persistence of cold ocean subsurface conditions13.
Iwakiri & Watanabe (2022) also proposed that a meridionally broad
structure of ENSO during the decaying phase helps prevent the southward
shift of the equatorial zonal wind14, contributing to the prolonged persis-
tence of ENSO15. Consequently, the asymmetry in the meridional scale of
SSTanomalies (SSTA)betweenElNiñoandLaNiña16 leads tomulti-yearLa
Niña events occurring more frequently than multi-year El Niño events.
However, for an El Niño event, if the warm heat content anomalies are
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sufficiently large, and the subsurface warm anomalies are effectively
maintained, the likelihood of a multi-year El Niño may increase17.

Besides tropicalmechanisms, extratropical forcing is also considered to
contribute to multi-year ENSO events. For example, Yu & Fang (2018)6

found that the duration of ENSO events, primarily influenced by the Sea-
sonal Footprinting Mechanisms (SFM) associated with North Pacific
Oscillation (NPO)18, tends to last longer than events dominated only by the
recharge-discharge process19 in the tropical Pacific. Several previous studies
also reported the links between multi-year ENSO and North Pacific Mer-
idionalMode (NPMM)20, suggesting thatmulti-year ENSOcanbe forcedby
the North Pacific atmospheric variability7,8,21–26. Fan et al. (2023)24 even
found that theNPMM,when triggered by tropical forcing, tends to enhance
the persistence of La Niña events more than that of El Niño events. In
addition to the extratropical forcing from the North Pacific, some studies
have mentioned the role of tropical-extratropical interactions from the
South Pacific in initiating the multi-year La Niña event. Shi et al. (2023)27

suggested that the combined effect of NPMMand South PacificMeridional
Mode (SPMM)28 plays a crucial role in the recurrence of the La Niña event
from 2020 to 2023.

Most existing research on multi-year La Niña relies on statistical
analyses of observations/climate-model datasets or coupled general circu-
lation model (CGCM) simulations with idealized forcing. In this study, we
explore and validate the dynamical mechanisms and predictability of con-
secutive LaNiña events using a physically based statistical ENSOprediction
model (EPM)29–31. The unique innovation of this study is the use of the EPM
to address these issues from a prediction perspective, considering both
tropical ocean-atmosphere coupling and extratropical processes in the
PacificOcean.This approach allows us to examine the relative contributions
of various processes to consecutive La Niña events. By enhancing our
understanding of the formation of double- or triple-dip La Niña events and
the associated dynamic processes, this study ultimately improves the
accuracy of climate models and our ability to forecast ENSO events.

Results
Characteristics of multi-year La Niña
Figure 1 shows the 3-month running averaged Niño3.4 index based on
ERSSTv5 between 1980 and 2023 for El Niño and La Niña events. The
composite El Niño and La Niña evolution (thick black lines) typically
exhibits an onset during spring, followed by rapid growth throughout
summer, peaking in winter, and subsequent decay in the following year.
Hereafter, the seasonality refers to the NorthernHemisphere.Most ElNiño
events turn to negative SSTA by the spring of the following year, often
evolving into La Niña conditions (Fig. 1a). However, La Niña events

frequently show multi-year persistence, with decaying negative SSTA re-
intensifying during the summer of the second year and peaking again in the
followingwinter (Fig. 1b). In particular, the LaNiña events of 1998 and2020
persisted for three consecutive years. These results suggest an asymmetry:
while El Niño tends to occur as a single-year phenomenon, La Niña is more
likely to multi-year recurrence. Although extensive literature discusses La
Niña’s persistence into a second year, the forecast skill of major forecasting
centers in predicting multi-year La Niña events remains limited, as evi-
denced by the IRI/CPC plume predictions for the recent 2020–2023 triple-
dip La Niña event (Fig. 2). Most models failed to successfully predict the
occurrence of the second La Niña from April 2021. Moreover, research on
triple-dip La Niña events remains sparse. Therefore, this study provides an
in-depth analysis of the triple-dip La Niña events from 1998 to 2001
(comprising the 1998–1999, 1999–2000, and 2000–2001 events) and from
2020 to 2023 (comprising the 2020–2021, 2021–2022, and 2022–2023
events), aiming to improve understanding of their drivingmechanisms and
predictability.

In most El Niño events, zonal wind anomalies in the tropical Pacific
weaken after the first winter and vanish by late spring of the second year
(Fig. 3a; individual events are shown in Supplementary Fig. 1). In the
absence of persistent zonal wind anomalies during this period, opposite-
phase thermocline anomalies (D20, depth of 20 °C isotherm) in the western
Pacific can propagate as coupled oceanic Kelvin waves into the central-
eastern Pacific (Fig. 3d; individual events are shown in Supplementary
Figure 2), accelerating the decline of central-eastern Pacific SSTA. Similarly,
in single-year La Niña events (e.g., the 1988–1999 and 2005–2006 La Niña
events; Fig. 3c, f), zonal wind anomalies rapidly diminish during the first
winter anddisappearby the following spring, coincidingwith the emergence
of opposite-phase thermocline anomalies in the central-eastern Pacific. In
most La Niña events (Fig. 3b, e), although SST, D20, and zonal wind
anomalies can persist into the following year, the zonal wind anomalies
experience a rapid decline and disappearance after the winter of the second
year, causing a phase transition of SSTA during the summer of the
third year.

However, for the LaNiña events that began in 1998 and 2020, there are
notable differences in the evolution and coupling of SSTA with zonal wind
anomalies compared to most La Niña events (Fig. 4a). The case of the
1998–2001 triple-dip La Niña, followed a very strong 1997–1998 El Niño,
leading to the production of sufficiently negative heat content anomalies
through a significant discharge process (Fig. 4c). These cold anomalies
played a critical role in counteracting the decaying processes32, sustaining
the cold SSTA until the end of the third year. In contrast, the 2020–2023
triple-dip LaNiña, unlike the 1998–2001 one, lacked a preceding substantial
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Fig. 1 | SSTA evolution during El Niño and La Niña events. The 3-month running
average of Niño3.4 index based on ERSSTv5 from 1980 to 2023 for (a) El Niño and
(b) La Niña events. For multi-year events only the first event is selected to avoid

double counting. The thick black line represents the average of all events, while the
other lines represent individual ENSO events.
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El Niño and discharge process, resulting in weak negative heat content
anomalies during its evolution (Fig. 4d). Nonetheless, persistent and strong
easterly anomalies provide a crucial role in maintaining the cold SSTA into
the end of the third year (Fig. 4b). These quasi-stationary zonal wind
anomalies over the central Pacific acted as a barrier, resisting the propaga-
tion of opposite-phase thermocline anomalies from the western to the
easternPacific (Fig. 4d).This prevented thephase transitionof theSSTAand
led to the three-year consecutive La Niña events. While easterly wind
anomalies were observed in the spring and summer of the second and third
years in both 1998–2001 and 2020–2023 triple-dip La Niña events, their
origins significantly differ. ENSO-related zonalwind anomalies are typically
proportional to the zonal gradient of Pacific SSTA19,33. However, despite
weaker SSTA during the 2020–2023 event compared to the 1998–2001
event, stronger easterly anomalies were observed (Fig. 4a, b). This suggests
that, during the 1998–2001 event, the easterly anomalies were primarily a
response to the cold equatorial SSTA in the eastern Pacific. In contrast, the
stronger easterly wind anomalies during the 2020–2023 event could not
have been generated solely by tropical air-sea coupling processes and were
likely influenced by additional mechanisms.

These results highlight the importance of heat content preconditions
and their coupling with zonal wind anomalies in the development of multi-
year La Niña events. For the 2020–2023 LaNiña event, the lack of favorable
negative heat content might have contributed to the challenges faced by
many ENSO prediction models in accurately predicting the second and
third years of LaNiña in the springs of 2021 and 2022 (Fig. 2). In contrast, by
further taking the impacts of extratropical forcing into account, the EPM
described in Section “ENSO prediction model” successfully predicts sub-
sequent La Niña events even in the absence of significant negative heat
content (as shown later in Section “Prediction skill of EPM for 1998–2001
and 2020–2023 La Niña events”). This suggests a potential linkage between
persistent easterly anomalies in the equatorial central Pacific and extra-
tropical forcing.

Evolution of 1998–2001 and 2020–2023 La Niña
To investigate the differences between the evolution of 1998–2001 and
2020–2023 events and to identify the origin of the persistent zonal wind
anomalies during the 2020–2023 period, Figs. 5, 6 present the evolution of
SST, D20, surface wind, and sea level pressure (SLP) anomalies for the
second and third years of both events. As discussed in the previous section,
the 1998–2001 La Niña was characterized by substantial negative heat
content anomalies in the central-eastern Pacific (Fig. 5a–h). The large
magnitude of these negative heat content anomalies resisted the decay
processes typically associated with the easterly wind-induced recharge,

preventing the depletion of pre-existing negative heat content anomalies.
This allowed the cold SSTA and easterly wind anomalies to persist without
dissipating through the following spring and summer (Fig. 6a–h). In
addition, the persistent easterly wind anomalies in the central Pacific pre-
vented the eastward propagation of the opposite-phase heat content
anomalies. As a result, the cold SSTA during this event persisted into the
third year until the accumulated negative heat content anomalies were fully
exhausted.

In addition to the equatorial air-sea coupling processes, extratropical
forcing also contributes to themaintenanceof easterlywinds andcold SSTA.
In the spring of 1999 (Fig. 6a), a significant north-south dipole pattern of the
SLP anomalies (SLPA) was observed in the North Pacific, characteristic of
the typical negative phase of the NPO mode. The southern lobe of this
negative NPO induced northeasterly surface wind anomalies that
strengthened the subtropical trade winds, increased the upward latent heat
flux, and subsequently generated negative SSTA, known as the negative
NPMM. The anomalous northeasterly associated with the NPMMnot only
contributed to thedevelopmentof anomalous easterlies near the equator but
also drove poleward upper ocean mass transport via the “trade wind
charging” mechanism34–37, thereby strengthening or sustaining the cold
SSTA in the equatorial Pacific. In the spring of 2000, in addition to theNorth
Pacific forcing, the South Pacific also exhibited an SLPA dipole, located
between subtropical and higher latitudes with a nodal point near 50°S
(Fig. 6e). This dipole, characteristic of the negative phase of the SPMM,
generated high-pressure anomalies in the southern extratropical Pacific
(20°S–50°S). The associated anti-cyclonic wind anomalies induced south-
easterly winds near the equator in the South Pacific, contributing to the
maintenance of equatorial easterly zonal wind anomalies. However, in this
event, the connection between these extratropical winds and equatorial
easterlies appeared relatively localized and less continuous.

On the other hand, the 2020–2023 La Niña lacked significant negative
heat content anomalies (Fig. 5i–p) due to the absence of a preceding sub-
stantial El Niño and its associated discharge process. Despite these insuffi-
cient ocean heat content conditions, persistent strong easterly zonal wind
anomalies prevailed along the equator for three consecutive years
(Fig. 6i–p), serving as the primary forcing that sustained the cold SSTA
throughout the event. This persistence of easterly anomalies was closely
linked to extratropical atmospheric forcing. A pronounced meridional
SLPA dipole, centered around 50°S, developed during 2021 JJA/SON and
2022 MAM/JJA, exhibiting strong high-pressure anomalies over the
southern extratropical Pacific (20°S–50°S). The associated anti-cyclonic
wind anomalies formed a coherent and continuous connection with the
equatorial easterlywinds, effectively bridging the SouthernHemisphere and
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Fig. 2 | Model predictions of ENSO from spring 2021 and 2022. This figure
presents ENSO forecasts from (a) April 2021 and (b) May 2022 generated by
dynamical and statistical models for SSTA in the Niño3.4 region (thin lines). The
green, red, and blue thick lines represent the average of dynamical models, statistical

models, and all models, respectively. The black thick line indicates the observations.
The prediction data were provided by the International Research Institute for Cli-
mate and Society, Columbia University Climate School (https://iri.columbia.
edu/ENSO).
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the equatorial Pacific. This robust linkage significantly contributed to the
persistence of easterly anomalies, thereby prolonging the cold SSTA until
the end of the third year.

In contrast to the 2020–2023 event, the 1998–2001 La Niña did not
exhibit a significant anomalousmeridional SLPA dipole associated with the
SPMM during the second-year spring and summer (1999 MAM and JJA).
Moreover, a reversed dipole pattern emerged in the third-year autumn
(2000 SON), which was unfavorable for sustaining cold SSTA. This stark
contrast highlights the distinct mechanisms driving the two triple-dip La
Niña events: while the 1998–2001 eventwas primarilymaintained by strong
negative heat content anomalies and equatorial air-sea coupling, the

2020–2023 event relied heavily on persistent extratropical forcing, parti-
cularly from the Southern Hemisphere, to sustain equatorial easterly wind
anomalies. These results underscore the critical role of both tropical ocean-
atmosphere interactions and extratropical atmospheric variability in influ-
encing the longevity and evolution of multi-year La Niña events.

Prediction skill of EPM for 1998–2001 and 2020–2023 La
Niña events
To further investigate the distinct driving mechanisms behind the
1998–2001 and 2020–2023 triple-dip La Niña events, we employ our phy-
sically based ENSO prediction model, EPM, to assess the relative
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d–f D20 anomalies (shaded) with zonal wind anomalies (contours) for the same
events. The La Niña events in (b) and (e) exclude the single-year events of 1988 and

2005, as well as the triple-dip La Niña events of 1998 and 2020. All variables are
averaged between 5°S and 5°N. Green contours represent westerly wind anomalies,
while black contours indicate easterlywind anomalies. The contour interval forwind
anomalies is 0.5 m/s.

https://doi.org/10.1038/s41612-025-01004-0 Article

npj Climate and Atmospheric Science |           (2025) 8:143 4

www.nature.com/npjclimatsci


contributions of different processes to these events. Figure 7 shows the
predicted results along with their skill, measured by the root mean square
error (RMSE) between observations and predictions. As discussed in Sec-
tion “Evolution of 1998–2001 and 2020–2023 La Niña”, the most notable
difference influencing the persistence of cold SSTA between the 1998–2001
and 2020–2023 events occurred from spring to summer of the second- and
third-year. Moreover, ENSO prediction during spring is particularly chal-
lenging, with lower prediction skills compared to other seasons, marking
spring as a critical period for ENSO forecast. Therefore,we specifically focus
on evaluating the model’s prediction during this period (April and May in
1999/2000 and 2021/2022), with comprehensive results for other months
are provided in Supplementary Figure 3. Here, we construct the EPMbased
on two configurations: the first, referred to as EPMTDþEX , incorporates all
predictors, including tropical ocean-atmosphere coupling and extratropical

processes (EPSST , EPWWV , EPOA, EPEX�N , and EPEX�S), while the other,
calledEPMTD, includes only tropical processes (EPSST , EPWWV , and EPOA).

For the predictions starting from April and May of 1999 (Fig. 7a), the
EPMTD performs better for May (red dashed line) than for April (red solid
line). This suggests that, despite favorable tropical Warm Water Volume
(WWV) conditions conducive to La Niña development in April 1999
(Fig. 4c), there is an underestimation of LaNiña’s strength in the prediction,
reflecting the well-documented challenge of ENSO prediction during the
spring barrier. However, from May onwards, tropical ocean-atmosphere
coupling conditions become more favorable for continued La Niña devel-
opment. As a result, the EPMTD produces predictions closer to the obser-
vations after the prediction fromMay 1999, although it still underestimates
the amplitude of winter La Niña (Fig. 7a & Supplementary Fig. 3a). In
contrast, the forecast errors for EPMTDþEX predicted from May are higher
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than those forEPMTD (RMSEshown inFig. 7a), even thoughbothApril and
May EPMTDþEX forecasts indicate a strong La Niña in the following winter
(solid and dashed blue lines in Fig. 7a, respectively). This indicates that the
inclusion of extratropical forcing did not significantly improve ENSO pre-
diction skills during late spring and early summer of 1999 (afterMay) due to
the already favorable tropical ocean-atmosphere condition for La Niña
development. However, in early spring (April), while tropical processes
remain critical, incorporating extratropical processes significantly enhances
prediction skills, highlighting their substantial contribution during this
season29.On the otherhand, for the predictions starting fromApril andMay
of 2000 (Fig. 7b), the EPMTD (red lines) fails to predict the subsequent La
Niña event in winter. This might be attributed to weakened WWV as La
Niña entered its third year (Fig. 4c). However, when extratropical forcing is
included in EPMTDþEX (blue lines), prediction skill improves, suggesting
that extratropical signals play a role in sustaining La Niña conditions in the
third year of this event.

For the predictions starting from April and May of 2021 (Fig. 7c), the
EPMTD fails to accurately forecast the La Niña event. In contrast, the
EPMTDþEX model successfully predicts the occurrence of the upcoming La
Niña event (solid and dashed blue lines). This improvement can be

attributed to the distinct characteristics of the 2020–2023 La Niña, which
wasmarkedby relativelyweaknegative heat content anomalies.Under these
conditions, the tropical-only model (EPMTD) struggled to predict La Niña
effectively, while extratropical forcing—especially from the Southern
Hemisphere—provided persistent equatorial easterly wind anomalies that
sustained cold SSTA (Fig. 6). By accounting for these extratropical influ-
ences, the EPMTDþEX successfully predicted the 2021 La Niña event in
spring. Meanwhile, for the 2022 predictions (Fig. 7d), EPMTD forecasts
starting in both April andMay exhibited poor performance prior to winter,
although the May-started forecast was better able to capture the La Niña
amplitude during the winter. Including extratropical forcing in EPMTDþEX
improved the prediction before winter, but it tended to overestimate La
Niña’s amplitude duringwinter, whichmay be attributed to the fact that the
peak of observed SSTA did not occur in the winter season.

Overall, for the second year of 1998–2001 La Niña event, the model
considering only tropical processes successfully predicted La Niña devel-
opment, as tropical ocean-atmosphere coupling remained favorable.
However, when the heat content decreased in the third year, it become
necessary to incorporate extratropical forcing to better predict La Niña’s
SSTA, particularly in capturing SST variations. In contrast, for the

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

Unit: oC
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5

Unit: oC
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5

1998-2001 La Niña event

2020-2023 La Niña event

Fig. 6 | Spatial evolution of SST, SLP, and surface wind anomalies during the La
Niña events of 1998–2001 and 2020–2023. The shading, contour lines, and vectors
represent the SST, SLP, and surface wind anomalies for the second and third years of
the (a–h) 1998–2001 and (i–p) 2020–2023 LaNiña events, respectively. The contour
interval for SLP anomalies is 1.5 hPa. The thick black contour indicates zero values,

with solid and dashed contours representing positive and negative values, respec-
tively. The scale and units of the vectors are shown in the top-right corner of the
panel. Only wind speeds greater than 1 m/s are displayed. The four green boxes are
used to define the extratropical precursor index as outlined in Section “ENSO pre-
diction model”.
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2020–2023 event, the lack of sufficient negative heat content anomalies
throughout theperiod limited theprediction skill of the tropical-onlymodel.
Under these conditions, incorporating extratropical forcing significantly
improved prediction by sustaining equatorial easterly wind anomalies that
supported cold SSTA. These results highlight the importance of considering
extratropical processes in ENSO prediction, especially for events with aty-
pical tropical ocean conditions, such as the 2020–2023 La Niña.

Individual contributions of predictors in the EPM
To better understand the role of individual predictors in ENSO forecasts,
Fig. 8 illustrates the relative contributions of different ENSO predictors in
the EPM for the years 1999/2000 and 2021/2022. Additionally, Supple-
mentary Figure 4 presents the combined effects of all predictors (EPSST ,
EPWWV , EPOA, EPEX�N , and EPEX�S), as well as the contributions from
tropical ocean-atmosphere coupling processes (EPSST , EPWWV , and EPOA)
and extratropical processes (EPEX�N and EPEX�S). In each panel, the x-axis
represents the leadmonth for forecasting,while the y-axis shows the starting
calendar month. The combined effect of all predictors (Supplementary Fig.
4a, d, g, j) reveals strong cold SSTA contributions across most predicted
months in both 1999/2000 and 2021/2022, indicating a robust signal for the
second- and third-year La Niña development.

Among all predictors, the EPSST exhibits a significant contribution to
the cold SSTA after late spring in both 1999/2000 and 2021/2022 (Fig. 8a, f,
k, p), emphasizing the importance of SSTA persistence in the ENSO fore-
cast. RegardingEPWWV , in 1999 (Fig. 8b), the contributions from equatorial
propagating WWV show strong cold SSTA contributions before July,

suggesting that EPWWV plays an important role in spring and early summer
in maintaining the cold SSTA for the second-year of 1998–2001 La Niña.
This is consistentwith previousfindings that, in the 1998–2001 triple-dip La
Niña event, sufficient cold anomalies in heat content, generated by a sig-
nificant discharge process, helped sustain subsequent La Niña events32.
However,EPWWV in 2000 (Fig. 8g), the third year of the 1998–2001LaNiña,
showedonly small cold SSTAcontributions before June and shifted towarm
SSTA contributions afterward. This reflects the decreased negative heat
content anomalies during this period, as discussed in Section “Prediction
skill of EPM for 1998–2001 and 2020–2023 La Niña events”. For the
2020–2023 La Niña event, EPWWV in 2021 (Fig. 8l) provides a warm SSTA
contribution from May to August, while EPWWV in 2022 (Fig. 8q) con-
tributes towarmSSTA almost throughout the entire year. This suggests that
WWVconditions in 2021/2022were not favorable formaintaining LaNiña
into the following year and instead tended to promote the decay of
cold SSTA.

The EPOA predictor (Fig. 8c, h, m, r), which represents the ocean-
atmosphere feedback, contributes to cold SSTA development during the
early summer of both 1999/2000 and 2021/2022. This occurs because
summer is the most unstable season for equatorial Pacific SSTA, char-
acterized by a larger SSTA growth rate with the most significant wind-
induced coupling processes during this time33,38. Next, we examine the
individual contributions of extratropical forcing from the Northern and
Southern Hemispheres (EPEX�N and EPEX�S, respectively). In 1999/2000,
the Northern Hemisphere contribution is more significant (Fig. 8d, i)
compared to the Southern Hemisphere contribution (Fig. 8e, j), with the
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primary impact observed in the predicted winter SSTA. In contrast, for
2021/2022, the Southern Hemisphere’s contribution is more substantial
during spring start months (Fig. 8o, t), also affecting the predicted winter
SSTA. These findings are consistent with previous conclusions: in 2021/
2022, the extratropical forcing from the Southern Hemisphere was strong,
sustaining persistent easterly winds along the equator and supporting the
continuation of cold SSTA.

Summing up all the contributions from tropical processes and com-
paring them to those from extratropical processes (Supplementary Fig. 4),
we find that in 1999, considering only tropical processes is sufficient to
forecast the subsequent cold SSTA (Supplementary Fig. 4b). However, in
2000, due to the weak cold SSTA contribution from EPWWV , relying solely
on tropical processes is insufficient to predict the subsequent LaNiña event,
as the SSTA does not fall below −0.5 °C when forecast starts from spring
(Supplementary Fig. 4e). For the 2020–2023 La Niña event, tropical
dynamics alone are not enough to successfully predict the La Niña event

during spring of 2021/2022 and even result in the erroneously warm SSTA
in 2022 (Supplementary Fig. 4h and k). Accurate forecasting can only be
achieved by incorporating extratropical processes (Supplementary Fig. 4i
and l). These results indicate that the EPM effectively captures the distinct
driving mechanisms behind the two triple-dip La Niña events. For the
1998–2001 event, tropical processes dominated the prediction skill, espe-
cially during the second year, while for the 2020–2023 event, extratropical
forcing significantly enhanced forecast accuracy.

Discussion
This study investigates the mechanisms driving consecutive La Niña events
using a physically based EPM from a prediction perspective. The results
confirmdistinct drivingmechanismsbehind the 1998–2001and 2020–2023
triple-dip La Niña events. The 1998–2001 event was primarily sustained by
substantial negative heat content anomalies in the equatorial Pacific, a
consequence of the strong El Niño discharge process preceding it. Tropical
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predictors, such as SSTA, WWV propagation, and ocean-atmosphere
feedback, played a dominant role in prediction skill, particularly in the
second year. Meanwhile, extratropical forcing from the North Pacific also
contributed to the persistence of cold SSTA. However, as the event pro-
gressed into the third year, the diminishing negative heat content anomalies
reduced the effectiveness of tropical processes along in sustaining cold
SSTA. At this stage, extratropical forcing became more influential, enhan-
cing themodel’s ability topredict SST variations. In contrast, the 2020–2023
La Niña event presented different characteristics of prediction based on the
EPM results. Due to the absence of significant negative heat content
anomalies throughout the event, the tropical-only EPM struggled to accu-
rately forecast the LaNiñadevelopment, particularly in the second and third
years. This is whymostmodels in the IRI/CPCENSOplume fail to correctly
forecast the second year La Niña. Incorporating extratropical forcing sig-
nificantly improved the prediction skill, especially by better capturing the
persistent equatorial easterly wind anomalies, which were sustained by
strong extratropical signals from the Southern Hemisphere.

These results highlight the importance of extratropical influences in
ENSO prediction. While tropical ocean-atmosphere coupling remains the
dominant driver when heat content anomalies are strong, extratropical
forcing becomes essential under conditions of weakened tropical heat
content25,27, as observed in the third year of the 1998–2001 event and
throughout the 2020–2023 event. Kim et al. (2023) also noted that over half
of multi-year La Niña events do not require a preceding strong El Niño but
are instead associatedwith a negativeNPMMduring the decay spring of the
first event22. Given the increased influence of extratropical forcing under
global warming39, the frequency of such events is expected to rise in the
future7, making it increasingly important to account for these influences to
enhance the accuracy of climate models and ENSO forecast. However,
incorporating extratropical forcing may lead to an overestimation of La
Niña amplitude inEPMpredictions, as discussed in Section “Prediction skill
of EPM for 1998–2001 and 2020–2023 La Niña events”. To better improve
future prediction, more emphasis should be placed on investigating the
contribution of extratropical forcing to the model’s amplitude of ENSO-
related SSTA and exploring how these processes might be modulated by
climate change. A deeper understanding of these dynamics is critical for
enhancing the predictability of multi-year La Niña events under future
climate scenarios.

Regarding the driving mechanisms of the 1998–2001 and 2020–2023
triple-dip La Niña events, in addition to the ocean heat content and extra-
tropical forcing from the Southern Hemisphere highlighted in this study,
other studies have also proposed additional mechanisms. Iwakiri et al.
(2023) identified a critical role of North Pacific high-pressure anomalies
during the winter of 2020/2021, which induced a negative NPMM in the
following spring40. While our study also references the NPMM phenom-
enon, Iwakiri et al. (2023) emphasizes that the meridional extent of the La
Niña SSTA pattern can slow down the recharge-discharge process, con-
tributing to the development of a second-year La Niña. In addition, Li et al.
(2023) documented that changes in the mean state of the tropical Pacific,
characterized by an increased zonal SST gradient and strengthened trade
winds, associatedwith the ENSO regime shift around 1999/200041–43, played
a crucial role in the development of the 2020–2023 LaNiña and contributed
to improved prediction skill32. They also indicated that the dominant
feedback mechanisms differed between the two events, with thermocline
feedbackplaying a key role in the 1998–2001 LaNiña, while zonal advection
feedback was more prominent during the 2020–2023 La Niña.

Interestingly, Li et al. (2023) found that the North American Multi-
Model Ensemble (NMME) models exhibited higher prediction skills for the
2020–2023 La Niña compared to the 1998–2001 event32. This result con-
tradicts our intuition, as the traditional recharge-discharge framework sug-
gests that strong (weak) discharge implies high (low) predictability of multi-
year La Niña44,45. They argue that even without sufficient equatorial Pacific
negative heat content, the La Niña-like mean state of the equatorial Pacific
contributed to thepredictabilityof the2020–2023 triple-dipLaNiña.Wenote
that better prediction skill for the 2020–2023 LaNiña in Li et al. (2023) comes
from extremely larger model biases in the first-year prediction of the
1998–2001 La Niña (their Fig. 9). If comparing only the second- and third-
year events, their results will be consistent to our results. Indeed, most pre-
diction models in the IRI/CPC ENSO plume struggled to accurately predict
the second-year La Niña during the spring of 2021 (Fig. 2). While NMME
models performed relativelywell in predicting the second-year LaNiña of the
2020–2023 event from April 2021, the performance of most models in the
International Multi-Model Ensemble (IMME) was not as good, as they
predicted September SSTA values that did not below−0.5 °C (https://www.
cpc.ncep.noaa.gov/products/NMME/archive/2021040800/current/plume.
html). This suggests that discrepancies among different models and initi-
alizationdata play a significant role in the predictability ofmulti-year LaNiña
events. Since the IRI/CPC ENSO plume only began in 2002, a direct com-
parison of predictability between the 1998–2001 and 2020–2023 multi-year
La Niña events is not possible. Therefore, we do not attempt to determine
which triple-dip La Niña event had higher prediction skill across ENSO
prediction models, which is beyond the scope of this study.

Methods
Observation data and ENSO definition
The observational SST used in analysis is obtained from the monthly
2° × 2° NOAA Extended Reconstructed Sea Surface Temperature
version 5 (ERSSTv5)46. The thermocline depth is defined as the depth of
20 °C isotherm (D20) and is estimated using the monthly 1/3° × 1.0°
global ocean data assimilation system (GODAS)47. The monthly near-
surface wind data (0.995-sigma level) and sea-level pressure data are
from the National Centers for Environmental Prediction and National
Center for Atmospheric Research (NCEP-NCAR) reanalysis project48,
with a horizontal grid resolution of 2.5° × 2.5°. All datasets cover the
period from 1980 to 2023 and anomalies were calculated relative to the
climatology of this same period.

ENSOevolution is characterized by theNiño34 index,which is the SSTA
averaged over the region bounded by 5°N-5°S, 170°W-120°W in the equa-
torial Pacific. ENSOevents are definedbasedon the 3-month running average
of the Niño 3.4 index. Anomalies at or above +0.5 °C for 5 consecutive
months are El Niño events and anomalies below −0.5 °C for 5 consecutive
months are La Niña events. The list of ENSO events is shown in Table 1.

ENSO prediction model
Aphysical-based statistical ENSO predictionmodel, EPM, is utilized in this
study to investigate the trigger mechanism of triple-dip La Niña events and
their predictability. The EPM is established as follows:

EPM mþ φ
� � ¼ σO m;φð Þ

σP m;φð Þ ½β1 m;φ
� �

EPSST mð Þ þ β2 m;φ
� �

EPWWV mð Þ þ β3 m;φ
� �

EPOA mð Þ
þβ4 m;φ

� �
EPEX�N mð Þ þ β5 m;φ

� �
EPEX�S mð Þ�

ð1Þ

Table 1 | List of El Niño and La Niña events

Years

El Niño 1982–1983, 1986–1988*, 1991–1992, 1994–1995, 1997–1998, 2002–2003, 2004–2005, 2006–2007, 2009–2010, 2014–2016*, 2018–2019

La Niña 1983–1985*, 1988–1989, 1995–1996, 1998–2001#, 2005–06, 2007–2009*, 2010–2012*, 2016–2018*, 2020–2023#

The superscript * and # indicate the double-dip and triple-dip events, respectively, while unmarked events are single-year events. Note that although the 1995–1996 event is categorized as a single LaNiña
event, the value for the second-year winter is very close to the event thresholds.
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Considering the physical dynamics associated with tropical ocean-
atmosphere coupling and extratropical processes, this EPM consists of five
ENSOpredictors: the ENSOSSTA in theNiño34 region (EPSST ), theWWV
propagation in the central Pacific (EPWWV), the tropical ocean-atmosphere
feedback (EPOA), and the extratropical forcing from theNorthern (EPEX�N )
and Southern Hemispheres (EPEX�S). The EPSST is estimated as the SSTA
averaged over the Niño34 region. The EPWWV is defined as the equatorial
D20 anomalies (averaged between 2°S and 2°N) at 180°, 170°W, and 155°W
over different times to reflect the eastern propagation feature ofWWV. The
EPOA is determined by the time-accumulated zonal surface wind anomalies
across the equatorial central Pacific region (180°-170°W and 2°S-2°N). The
EPEX�N and EPEX�S consider the dipole pattern of SLPA in the Northern
and Southern Hemispheres as follows:

EPEX�N ¼ SLPAN1 � SLPAN2 ð2Þ

EPEX�S ¼ SLPAS2 � SLPAS1 ð3Þ

The four key regions for SLPAare defined as follows:N1 (165°–115°W,
50°–75°N),N2 (180°–120°W, 5°–30°N), S1 (180°–130°W, 20°–45°S), and S2
(180°–105°W, 50°–70°S). The predictor EPSST is calculated from monthly
data and the predictors EPWWV , EPOA, EPEX�N , and EPEX�S are calculated
from the pentad data and subsequently averaged to monthly data with
standardization. The coefficients of the predictors (β1, β2, β3, β4 and β5) for
forecast lead times (φ) with different start calendar months (m) are deter-
mined through multivariate linear regression. To better match the seasonal

variance of observations, the monthly scaling function
σO m;φð Þ
σP m;φð Þ is used to

normalize theprediction,whereσO andσP are the standarddeviationsof the
ENSO index for the observations and prediction, respectively, in the dif-
ferent start calendar months and lead-time. To ensure consistency with the
predictions provided to the IRI/CPC ENSO plume, the dataset used for the
ENSO prediction model in this study differs from that used in the analysis.
The monthly Niño34 index for EPSST is provide by the CPC, which is
estimated based on the Optimum Interpolation SST version 2.1
(OISSTv2.1)49; The pentad D20 data for calculating EPWWV are from
GODAS,while the pentad surface zonalwind forEPOA andpentad SLPdata
for EPEX�N and EPEX�S are derived from the NCEP-NCAR reanalysis.
Detailed definitions of EPM can be found in Supplementary Text 1.

Our EPM is a physical-based statistical model that captures not only
the dynamics of ENSO evolution within the recharge-discharge oscillation
framework19 but also reflects the influence of extratropical forcing beyond
the spring predictability barrier29,30. The predictors of EPM are independent
and contribute differently at various lead-times30. According to the eva-
luationbyChen et al. (2020)29, the EPMdemonstrates strongprediction skill
forENSOevents,with correlation scores of 0.70, 0.65, and0.61 for lead times
of 6, 8, and 10months, respectively, based onmonthlymeanNiño34 index.
The percentage correctmetric for 1980–2020 indicates that, with a 6-month
lead, the EPM achieved 92% accuracy for El Niño and 86% for La Niña.
Additionally, the EPM successfully predicted themost recent 2024–2025 La
Niña condition from April 2024 (Supplementary Fig. 5). Moreover, it was
one of only three forecasting models in the IRI/CPC ENSO plume that
successfully predicted the occurrence of the multi-year La Niña in April
2021 for the 2021–2022 event (Fig. 2; https://iri.columbia.edu/our-
expertise/climate/forecasts/enso/2021-April-quick-look/). These results
demonstrate the robustness of EPM in capturing most ENSO events, sug-
gesting that it is a valuable tool for exploring and validating the dynamical
mechanisms and predictability of consecutive La Niña events in this study.

Data availability
The datasets used in this study are available through the following
websites: ERSSTv5 at https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.
html; GODAS at https://www.psl.noaa.gov/data/gridded/data.godas.html;
NCEP-NCAR reanalysis at https://psl.noaa.gov/data/gridded/data.ncep.
reanalysis.html; Niño34 index used in the EPM is provided by the CPC

and can be accessed at https://www.cpc.ncep.noaa.gov/data/indices/. EPM
forecast data can be found at https://iri.columbia.edu/our-expertise/climate/
forecasts/enso/current/?enso_tab=enso-sst_table, provided by IRI for Cli-
mate and Society, Columbia University Climate School (https://iri.columbia.
edu/ENSO), or can request IRI’s ENSO archive data at https://docs.google.
com/forms/d/e/1FAIpQLSf2WoM0nV_D5xppn7wPMQrQw23VPLNBnK
O2ycpFFe8J8dia-A/viewform.

Code availability
The source codes for the analysis of this study canbe requested from thefirst
author.
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