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Abstract
Multi-year El Niño events induce severe and persistent �oods and droughts worldwide, with signi�cant
socioeconomic impacts, but the causes of their long-lasting behaviors are still not fully understood. Here
we present a two-way feedback mechanism between the tropics and extratropics to argue that
extratropical atmospheric variability associated with the North Paci�c Oscillation (NPO) is a key source of
multi-year El Niño events. The NPO during boreal winter can trigger a Central Paci�c (CP) El Niño during
the subsequent winter, which excites atmospheric teleconnections to the extratropics that project onto the
NPO variability, then re-triggers another El Niño event in the following winter, �nally resulting in persistent
El Niño-like states. Model experiments, with the NPO forcing assimilated to constrain atmospheric
circulation, replicate the observed connection between NPO forcing and the occurrence of multi-year El
Niño events. Future projections of Coupled Model Intercomparison Project phases 5 and 6 (CMIP5 and
CMIP6) models demonstrate that if the projected NPO variability becomes enhanced under future
anthropogenic forcing, then more frequent multi-year El Niño events should be expected. We conclude
that properly accounting for the effects of the NPO on the evolution of El Niño events may improve multi-
year El Niño prediction and projection.

Introduction
The El Niño/Southern Oscillation (ENSO) is the dominant climate phenomenon in the tropical ocean
affecting the global climate and extreme weather conditions1−5. Typically, El Niño and La Niña episodes
develop during the boreal summer, peak during early winter, and decay rapidly during the following spring,
lasting about 9–12 months. However, not all ENSO events are the same6. Some La Niña events persist
through the following year and often re-intensify in the subsequent winter, lasting two years or longer7.
Although less frequent than multi-year La Niña events, multi-year El Niño events are also occasionally
observed in the tropical Paci�c (such as the 2014/15/16 El Niño event)7,8 (Supplementary Fig. 1). Multi-
year persistence of these El Niño and La Niña events exacerbates their induced climate impacts, causing
persistent marine heatwaves, �oods, and droughts worldwide9−13.

The occurrence of multi-year ENSO events results in a more complex ENSO cycle and poses a di�cult
challenge to the prediction of ENSO. For example, the 2014/15/16 multi-year El Niño event surprised the
ENSO scienti�c community by its unique evolution, and most operational forecasting models compiled at
the International Research Institute for Climate and Society (IRI) failed to predict the evolution of this
event14 (Supplementary Fig. 2). To successfully forecast multi-year ENSO events requires an
understanding of the underlying physical mechanisms that drive their unique evolutions. However,
despite the many hypotheses that have been proposed to explain the asymmetric durations of El Niño
and La Niña (that is, La Niña tends to be more persistent than El Niño)15−20, few theories exist to account
for the sources of the multi-year persistence of El Niño and La Niña7,21−25. Moreover, almost all existing
theories emphasize the importance of ocean–atmosphere coupled processes within the tropical Paci�c,
Indian, and Atlantic oceans for the generation of multi-year ENSO events. In contrast, extratropical
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forcings are not considered a key source of multi-year ENSO events. However, recent studies have
suggested that extratropical atmospheric variability, such as the North Paci�c Oscillation (NPO)26,27, may
play an important role in affecting the development28−31, pattern32−34, phase transition35−37, and decadal
variability38 of ENSO. Despite these extensive studies, it remains unclear if the NPO and multi-year ENSO
events are dynamically linked, and if they are, then how.

Here we use observational analyses in combination with a series of climate model experiments to show
that persistent two-way teleconnections between the NPO and the tropical Paci�c constitute a key source
of multi-year El Niño events. The NPO during the boreal winter can induce a Central Paci�c (CP) El
Niño39−42 during the subsequent winter, which in turn feeds back into the North Paci�c to re-intensify the
variability in the NPO, thereby maintaining El Niño conditions for another year. In addition, we argue that
the NPO may also play an important (but not dominant) role in developing multi-year La Niña events
through a similar mechanism. Our results highlight the importance of extratropical atmospheric
variability in generating multi-year ENSO events.

Observed Linkage Between The Npo And Multi-year El Niño
The �ve multi-year El Niño events observed since 1950 (Supplementary Table 1; see Methods for the
de�nition of multi-year El Niño events) are used to examine the role of NPO atmospheric forcing in driving
multi-year El Niño events. All maps of North Paci�c sea level pressure (SLP) anomalies during the
previous winter (January–February–March, JFM) before these multi-year El Niño events show a north–
south dipole feature in the North Paci�c, which is typical of the NPO pattern26,27 (Supplementary Fig. 3).
We denote the year when El Niño �rst develops as year (0), and the following two years as years (1) and
(2), respectively. It is noted that the JFM(0) NPO index is greater than 1.0 in all �ve multi-year El Niño
events (Fig. 1a). Taking the latest 2018/19/20 El Niño event as an example, a distinct NPO-like SLP
anomaly pattern was present during the boreal winter (JFM) of 2018 in the North Paci�c, having a strong
positive NPO index of 1.27. This suggests that the NPO may have played a key role in the occurrence of
multi-year El Niño events. These NPO signatures preceding multi-year El Niño events are not
accompanied simultaneously by large sea surface temperature (SST) anomalies in the tropical Paci�c
(Supplementary Fig. 4), implying that they may originate primarily from intrinsic atmospheric variability in
the North Paci�c rather than from tropical SST forcing.

To further illustrate the potential impacts of the NPO on the duration of El Niño, we examine the evolution
of El Niño with respect to the NPO, as represented by correlation of the 3-month-averaged Niño3.4 index
(SST anomalies averaged over the Niño3.4 region: 5°S–5°N, 120°–170°W) with the JFM(0) NPO index
(Supplementary Fig. 5). The NPO-related Niño3.4 SST does not decay rapidly into the La Niña condition
after reaching the peak during JFM(1) but persists through the following year until JFM(2) and displays a
long-lasting El Niño condition, suggesting that the NPO tends to induce a slower phase transition of El
Niño37, thereby creating favorable conditions for the occurrence of multi-year El Niño events.
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Two-way Feedback Mechanism Between The Tropics And
Extratropics
Previous studies have shown that the Paci�c meridional mode (PMM)43 is an effective conduit through
which the NPO can eventually impact the tropics and ENSO variability44−46. It has been proposed that the
NPO can reduce surface evaporation and increase SST in the subtropical northeastern Paci�c by
reducing the speed of the subtropical northeasterly trade winds. The warming of the subtropical
northeastern Paci�c would further reduce the trade winds and initiate a positive thermodynamic feedback
among surface winds, evaporation, and SST, known as the wind–evaporation–SST (WES) feedback47.
This WES feedback excites the PMM, which propagates positive SST anomalies from the subtropics into
the central equatorial Paci�c, where positive SST anomalies are conducive to the development of El Niño.
In addition to the PMM, there are at least two other mechanisms by which NPO atmospheric anomalies
can lead to the onset of El Niño through the weakening of off-equatorial trade winds48 or the excitation of
the off-equatorial Rossby wave49. However, studies of these ENSO extratropical precursor dynamics have
focused mainly on the effects of the NPO on the onset of El Niño rather than on the potential role of the
NPO in prolonging the duration of El Niño. Thus, there is a need to develop an understanding of the
dynamics underlying the link between the NPO and multi-year El Niño events.

Figure 2 shows the evolutions of SST and SLP anomalies composited for �ve multi-year El Niño events
over a 3 yr period. The positive NPO forcing during JFM(0) (Fig. 2b) generates positive SST anomalies
extending from the subtropical northeastern Paci�c to the central equatorial Paci�c, closely resembling a
positive phase of the PMM43 (Fig. 2a), which maintains positive SST anomalies for several seasons and
extends them equatorward into the central equatorial Paci�c, �nally leading to equatorial Paci�c warming
during the subsequent JFM(1) (Fig. 2c; see Supplementary Fig. 6 for more details). This process involves
teleconnections from the extratropics to the tropics (termed “extratropical−tropical teleconnections”),
consistent with previous �ndings28−31.

We then examine whether the equatorial Paci�c warming can exert an in�uence on the extratropics. We
note that the NPO-induced Paci�c SST anomaly pattern during JFM(1) closely resembles that of the CP
El Niño39−42, characterized by the center of the warming being located mainly in the central equatorial
Paci�c (Fig. 2c; see also Supplementary Fig. 7a). It has been recognized that the extratropical SLP
response to ENSO is sensitive to the longitudinal position of maximum SST anomalies along the
equatorial Paci�c50. Unlike the projection of the Eastern Paci�c (EP) El Niño onto the Aleutian Low, the CP
El Niño projects onto a very different SLP pattern in the North Paci�c, and is closely associated with
negative SLP anomalies over the Hawaiian region51, 52 (Supplementary Fig. 8). The Hawaiian SLP
variability, represented by the time series of SLP anomalies averaged over the Hawaiian region (SLPHI;
158°–135°W, 13°–24°N; red box in Fig. 2d), is closely linked to the NPO-like SLP variability and PMM
(Supplementary Fig. 9). The composite SLPHI and NPO indices for multi-year El Niño events show two
peaks: one during JFM(0) and the other during JFM(1) (Fig. 3a, b). The re-intensi�cation of the SLPHI and
NPO indices during JFM(1) is consistent with the warming in the central tropical Paci�c associated with
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CP El Niño, implying that the NPO-induced central tropical Paci�c SST variability can feed back into the
North Paci�c, generating negative SLP anomalies over the Hawaiian region (by extension of the positive
phase of the NPO in the North Paci�c). This process is referred to as tropical−extratropical
teleconnections.

The anomalous low pressure over the Hawaiian region in response to central equatorial Paci�c warming
during JFM(1) produces an anomalous southwesterly �ow on its eastern �ank, which acts to re-weaken
the off-equatorial trade winds, which in turn activate ENSO precursor dynamics such as the PMM43,
resulting in a re-intensi�cation of the PMM during March–April–May (MAM)(1) (Fig. 3c). This positive
feedback between the PMM and CP El Niño on interannual timescales is consistent with the recent
�ndings of Stuecker53. Through PMM dynamics, positive SST anomalies in the subtropical northeastern
Paci�c persist through June–July–August (JJA)(1) and propagate gradually from the subtropics into the
central equatorial Paci�c44−46 (Supplementary Fig. 6), thereby re-initiating the development of El Niño of
year (1) (Fig. 2e), �nally resulting in multi-year El Niño events. The results are robust among different SST
and SLP data sets (Supplementary Fig. 10).

Through a careful examination of each of the individual multi-year El Niño events (Supplementary
Fig. 11), we note that the individual evolution of each event is similar to the composite results presented
above. That is, the positive NPO event (de�ned by a 1.0 SD threshold of the JFM(0) NPO index) is
followed by a typical CP El Niño pattern39−42 or a mixed pattern42 of CP and EP El Niño in JFM(1),
characterized by maximum warming near the central equatorial Paci�c. Furthermore, there are negative
SLP anomalies between Hawaii and western North America that are consistent with a typical pattern of
the SLP response to CP El Niño SST forcing. The negative SLP anomalies project again onto a weakening
of the off-equatorial trade winds and then a strengthening of the PMM, resulting in multi-year evolution of
El Niño.

The schematic of Fig. 4 presents a two-way feedback mechanism between the tropics and extratropics
associated with the CP El Niño phenomenon39−42 to explain the dynamics underlying the linkage between
the NPO and multi-year El Niño events. The boreal winter NPO induces a CP-type El Niño event over the
equatorial Paci�c during the subsequent winter through its effect on the PMM43. This CP-type El Niño in
turn feeds back into the North Paci�c to force changes in atmospheric circulation over the Hawaiian
region, which re-activate the PMM to favor the development of another El Niño event. This process
continues until it is disrupted by negative feedbacks, as suggested by the ENSO cycle54 or noise in the
air–sea coupled system9. The two-way feedback mechanism between the tropics and extratropics
proposed here to explain the sources of multi-year El Niño events echoes that previously identi�ed by Di
Lorenzo et al.33 to explain the sources of tropical Paci�c decadal (timescale > 8 years) variability. Di
Lorenzo et al.33 suggested that the NPO atmospheric variability, which acts as the extratropical
stochastic forcing, may enhance the low-frequency variance of ENSO through a chain of
extratropical−tropical feedback processes. The present study demonstrates that a similar dynamical
chain may also validly explain the dynamics underlying the emergence of multi-year El Niño events,
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which are dominated primarily by interannual variations in the 3 to 7 yr ranges. Taken together, it would
appear that NPO atmospheric forcing, through extratropical−tropical feedbacks, may contribute to
enhance the low-frequency variability in ENSO over a wide spectrum of time scales (interannual-to-
decadal timescales; >3 years).

The schematic of Fig. 4 highlights the potential importance of CP El Niño in linking the NPO to multi-year
El Niño events. Previous studies have suggested that the NPO tends to induce the CP-type El Niño, but not
in all cases31. Equatorial ocean dynamics, such as zonal advection in the tropical Paci�c, can extend
NPO-induced warming in the central equatorial Paci�c eastwards, leading to EP El Niño events55. Several
single-year El Niño events (1965/66, 1972/73, 1991/92, and 1997/98), which are also preceded by a
positive NPO event during JFM(0) (Supplementary Fig. 12d), are characterized by a typical EP El Niño
pattern during JFM(1) (Supplementary Fig. 12b). Consistent with the position of maximum warming,
there is only a weak positive SLP response over the Hawaiian region (Supplementary Fig. 12e, h). As a
result, the PMM is very weak (PMM index < ±0.5 SD) during MAM(1) (Supplementary Fig. 12i), and the
warming in the equatorial central−eastern Paci�c decays rapidly to near La Niña conditions by JFM(2)
(Supplementary Fig. 12c), thereby leading to a single-year El Niño event.

Although CP El Niño is important in bridging the NPO to multi-year El Niño events, this does not mean that
all CP El Niño events can evolve as a multi-year event. For the NPO-preceded CP El Niño events, positive
SST anomalies extend more westward (west of 170°E) into the western Paci�c warm pool where the deep
convection can more easily be excited37 (Supplementary Fig. 13a), thereby favoring a stronger SLP
response over the Hawaiian region (Fig. 3b). In contrast, for the non-NPO-preceded CP El Niño events
(1977/78, 1994/95, 2002/03, and 2009/10), positive SST anomalies are con�ned mainly east of 170°E
and do not extend su�ciently into the western Paci�c warm pool (Supplementary Fig. 13b). Therefore,
the non-NPO-preceded CP El Niño events are all accompanied by a weaker SLP response over the
Hawaiian region during JFM(1) (Supplementary Fig. 14h) and a weaker PMM-related SST anomaly band
during MAM(1) (Supplementary Fig. 14i). As a result, El Niño conditions are not maintained for an
additional year (Supplementary Fig. 14c), leading to single-year evolution. The results presented above
suggest that both the NPO and its induced CP El Niño are necessary for generating multi-year El Niño
events, consistent with the dynamical hypothesis that we have proposed (Fig. 4).

Simulated Impacts Of The Npo On Multi-year El Niño Events
The role of the NPO in generating multi-year El Niño events is also supported by historical (1900–1999)
simulations of CMIP5/6 models (Supplementary Table 3; see Methods for model selections). Of the 29
selected models, 26 generate a high occurrence ratio (>60%) of multi-year El Niño events that are
preceded by positive NPO events (Supplementary Fig. 15a). The multi-model ensemble (MME) result
indicates that 71% of multi-year El Niño events are preceded by positive NPO events, whereas only 29% of
multi-year El Niño events are not linked to the preceding positive NPO events. For all selected CMIP5/6
models, a pronounced shift in the probability distribution toward positive values of the JFM(0) NPO is
obvious for multi-year El Niño (Fig. 1c). The composited value (+0.95) of the JFM(0) NPO index for multi-



Page 8/25

year El Niño is statistically signi�cant above the 95% con�dence level, according to the bootstrap method
(see Methods and Fig. 1d). These CMIP5/6 model results provide additional evidence that extratropical
atmospheric variability associated with the NPO contributes signi�cantly to the generation of multi-year
El Niño events. The composited evolutions of the NPO-preceded multi-year El Niño events in the CMIP5/6
models (Supplementary Figs. 7b and 16) also support the mechanism from observations, namely, that
NPO-induced central equatorial Paci�c warming during JFM(1) excites atmospheric teleconnections to
the extratropics that project onto the NPO-like SLP variability and then re-activate the PMM
(Supplementary Fig. 3d−f), which maintains the equatorial Paci�c warming until JFM(2) and produces
multi-year El Niño events.

To further verify the role of the NPO forcing, two model experiments were conducted using a coupled
general circulation model (CGCM) with and without the positive NPO forcing (EXPNPO and EXPCTRL,
respectively). The imposed NPO forcing is represented by the observed air temperature (T) and wind (U,
V) anomalies associated with the NPO, which are assimilated to constrain the atmospheric component in
the CGCM model (see Methods and Supplementary Fig. 17). The model results con�rm that the positive
NPO forcing tends to prolong the duration of El Niño events during the subsequent winter (Fig. 5a). El
Niño events forced by the NPO are characterized by a pattern of SST anomalies that resemble those of
the CP El Niño39−42, with the warming near the Central Paci�c (Supplementary Fig. 7c). The warming in
the central equatorial Paci�c in turn forces changes in SLP anomalies in the central North Paci�c near
Hawaii (Fig. 3h) that project onto the NPO-like SLP variability (Fig. 3g), which then enhances the PMM
(Fig. 3i) to delay the termination of El Niño events and to prolong their duration. Owing to the presence of
the NPO forcing, multi-year El Niño events become more frequent in the EXPNPO. Speci�cally, the
occurrence ratio of multi-year El Niño events is increased from 18% in the EXPCTRL to 39% in the EXPNPO

(Fig. 5b). This increase is statistically signi�cant above the 95% con�dence level, according to the
bootstrap method. These modelling results substantially support the hypothesis that the stochastic
variability of the NPO could contribute to the genesis of multi-year El Niño events.

Projections Of Future Climate Change
Although multi-year El Niño events have occurred only �ve times since 1950, they have occurred twice
during the last decade (Supplementary Fig. 1). This raises the question as to whether multi-year El Niño
events might become more frequent under anthropogenic forcing-induced warming, particularly in the
21st century and beyond. Given the signi�cant impact of the NPO on multi-year El Niño events, we
hypothesized that more frequent occurrences of multi-year El Niño events are linked to an enhanced NPO
variance.

To test this hypothesis, we analyzed historical (1900–1999) and future projection (2000–2099) results of
23 CMIP5/6 models (see Methods and Supplementary Table 3). Under anthropogenic forcing, the 23
CMIP5/6 models project a wide range of changes in the NPO variance (Fig. 6). An inter-model relationship
shows that models with increased variance of the NPO index in the future period are characterized by a
more frequent occurrence of multi-year El Niño events, and this tendency is statistically signi�cant (Fig.



Page 9/25

6). This implies that if the NPO variance increases in a warmer climate, then multi-year El Niño events will
occur more frequently.

Summary And Discussion
In summary, we have shown that the NPO atmospheric forcing, which tends to prolong the duration of El
Niño events, is a key source of multi-year El Niño events. The distinctive role of the NPO is its ability to
trigger the PMM and subsequently CP El Niño during the subsequent winter. Once triggered by the NPO,
CP El Niño can excite atmospheric teleconnections to the North Paci�c that project onto the NPO-like SLP
variability, which then re-activates the PMM to favor the development of another El Niño event, leading to
multi-year El Niño events. In the association with the increased NPO variability, multi-year El Niño events
may occur more frequently in the future warmer climate. Our study differs from previous studies21−25 by
attributing the dominant source of multi-year El Niño to NPO-like extratropical atmospheric variability
rather than to tropical ocean–atmosphere coupled variability. Our �ndings draw attention to the
extratropical in�uence on the duration of El Niño and have important implications for the prediction and
projection of multi-year El Niño events.
Our result reveals a strong in�uence of the NPO on multi-year El Niño events. A question arises as to
whether the NPO also has a substantial in�uence on multi-year La Niña events. We �nd that there is a
relatively high likelihood of multi-year La Niña events in observations (57%; Supplementary Fig. 18) and
CMIP5/6 models (77%; Fig. 1f) that are preceded by strong El Niño events in the tropical Paci�c,
consistent with previous �ndings that the duration of La Niña events is strongly affected by the
amplitude of preceding El Niño events through the recharge process of the equatorial oceanic heat
content7,56. In contrast, although the preceding JFM(0) NPO index composited for multi-year La Niña
events is statistically signi�cant above the 95% con�dence level in both observations (Fig. 1b) and
models (Fig. 1d), only 14% and 21% of multi-year La Niña events are preceded by negative NPO events
alone without an accompanying strong El Niño in observations (Supplementary Figs. 18 and 19) and
models (Fig. 1f), respectively. Thus, multi-year La Niña events may differ from multi-year El Niño events
with respect to the connection with the precedent NPO.

Nevertheless, the composite analysis shows that a negative NPO event alone during JFM(0) is followed
by a distinct La Niña pattern in JFM(1) whose anomalous cold SST extends to the central equatorial
Paci�c region (Supplementary Fig. 20a), which establishes atmospheric teleconnections to the North
Paci�c that lead to the re-emergence of positive SLP anomalies over the Hawaiian region (Supplementary
Fig. 20c). Owing to the re-emergence of these positive SLP anomalies, a negative PMM characterized by
negative SST anomalies over the subtropical northeastern Paci�c begins to re-intensify around JFM(1)
(Supplementary Fig. 20d), ultimately resulting in multi-year La Niña events. These results suggest that
although the phase transitions of La Niña are determined largely by the recharge process of equatorial
oceanic heat content, as ENSO theories suggest57, the NPO may also play a role in developing multi-year
La Niña events, resembling its role in developing multi-year El Niño events. It is likely that the preceding
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NPO and El Niño may, together or separately, in�uence the occurrence of multi-year La Niña events (Fig.
1f).

In this study, we emphasize the role of the NPO in generating multi-year ENSO events but do not exclude
the contribution of other processes to the duration of ENSO. For example, many other internal and
external factors driving ENSO dynamics—from the tropical Paci�c54, tropical Atlantic58, tropical Indian36,
or South Paci�c oceans59,60—may also affect the duration of ENSO. The feedbacks among these
processes, as well as their relative importance, need to be further clari�ed to achieve a comprehensive
understanding of the primary factors controlling the duration of ENSO events.

Data And Methods
Observation-based data. The analyzed monthly SST data are from: (1) the Hadley Center Sea Ice and
SST dataset version 3 (HadISST)61; (2) National Oceanic and Atmospheric Administration Extended
Reconstructed SST version 4 (ERSST)62; (3) Kaplan Extended SST version 2 (Kaplan SST)63; and (4)
Centennial in situ Observation-Based Estimates SST version 2.9.2 (COBE SST)64. The monthly
atmospheric �elds including surface winds and SLP were from the National Center for Environmental
Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis 1 (NCEP1)65. The SLP
�eld derived from the Hadley SLP data set (HadSLP2)66 was also employed to test the reliability of the
results. All of the anomalies in this study are relative to the climatological annual cycle for the period
1981–2010.

CMIP5/6 simulations under historical and future scenarios. To examine the contributions of the NPO to
multi-year El Niño/La Niña events, we analyzed the historical (1900–1999) simulations from coupled
general circulation models (CGCMs) participating in the CMIP567 and CMIP668. According to our
hypothesis, the in�uences of the NPO on multi-year El Niño and La Niña events involve a chain of
tropical−extratropical feedback processes associated with the CP El Niño phenomenon. To successfully
simulate the role of the NPO in developing multi-year El Niño and La Niña events, the model should be
able to simulate both the NPO–ENSO connection and the two types of El Niño. Therefore, we �rst
correlated the JFM(0) NPO index with the following JMF(1) Niño3.4 index over the 100-year period using
the CMIP5/6 historical simulations. A total of 51 CMIP5/6 models simulate a signi�cant connection
reminiscent of the observations. We then used the correlation coe�cient between the Niño3 index
(150°W–90°W, 5°S–5°N) and the Niño4 index (160°E–150°W, 5°S–5°N) during the DJF season of El Niño
events in the pre-selected 51 models to evaluate whether these models can simulate the two types of El
Niño69. The correlation between the Niño3 and Niño4 indices in the CMIP5/6 models varies from −0.46 to
0.88, compared with an observed correlation of 0.48 for the period 1900–1999. Finally, we selected the 29
models (Supplementary Table 3) whose correlation coe�cients were close to that of the observations. We
used these 29 selected CMIP5/6 historical simulations to examine the role of the NPO in generating multi-
year El Niño/La Niña events.
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Simulations under the historical (1900–1999) and representative concentration pathway (RCP) 4.5 and
RCP8.5 (2000–2099) scenarios from CMIP5/6 were also used to examine the relationship between future
change in the frequency of multi-year El Niño events and change in the NPO variability. Of the selected 29
models based on their historical simulations, there are 23 CMIP5/6 models whose RCP4.5 and RCP8.5
simulations are available (Supplementary Table 3). Therefore, we used these 23 models to analyze the
relationship under the RCP4.5 and RCP8.5 scenarios.

De�nition of multi-year El Niño/La Niña events. For the observational analysis, multi-year El Niño and La
Niña events are de�ned based on monthly SST anomalies averaged over the Niño3.4 region (5°S–5°N,
120°–170°W; termed the “Niño3.4 index”) for 1950–2020. The monthly Niño3.4 index is linearly
detrended and smoothed with a 3-month-running-mean �lter. We denote the year when El Niño and La
Niña �rst develop as year (0), and the following two years as year (1) and year (2), respectively. A multi-
year El Niño (La Niña) event is identi�ed when the Niño3.4 index is over 0.75 (below −0.75) standard
deviations in any month during October(0) to February(1) and remains over 0.5 (below −0.5) standard
deviations in any month during October(1) to February(2)7. According to these criteria, there are �ve multi-
year El Niño events and seven multi-year La Niña events for 1950−2020 (Supplementary Table 1). The
remaining El Niño (La Niña) events, which transitioned to a La Niña-like (El Niño-like) condition in year (1),
are considered as transitional single-year events (Supplementary Table 2). The de�nitions of multi-year El
Niño and La Niña events are the same for both models and observations.

NPO, PMM, and CP ENSO indices. The NPO mode is generally de�ned as the second leading empirical
orthogonal function (EOF2) of boreal winter (JFM) SLP anomalies in the North Paci�c poleward of
15°N26,27. The NPO index is de�ned as the second principal component (PC2) time series associated with
the EOF2. The PMM represents a coupled SST-surface wind pattern over the subtropical northeastern
Paci�c43. The PMM index is de�ned as the normalized SST anomalies over the subtropical northeastern
Paci�c (15°‒25°N and 150°‒120°W)70. The CP ENSO pattern and index are de�ned by computing the
�rst empirical orthogonal function (EOF1) and principal component (PC1) of tropical Paci�c SST
anomalies between 20°S and 20°N after subtracting the anomalies regressed on the Niño1+2 index
(representing the in�uence of the canonical ENSO)41, respectively. Similarly, the EP ENSO pattern and
index are de�ned by computing the EOF1 and PC1 of tropical Paci�c SST anomalies between 20°S and
20°N after subtracting the anomalies regressed on the Niño4 index (representing the in�uence of the CP
ENSO), respectively.

Statistical signi�cance test. We used a bootstrap method71 to examine whether the boreal winter NPO
index before multi-year El Niño events and multi-year La Niña events is signi�cantly different. The 135
values of the JFM(0) NPO index for multi-year El Niño events and 182 values of the JFM(0) NPO index for
multi-year La Niña events in the historical simulations from the 29 selected CMIP5/6 models were re-
sampled randomly to construct 10,000 realizations of the NPO index over the 29 models, respectively.
Any model can be selected again in this random resampling process. The blue and red vertical lines in
Fig. 1d indicate the mean values of 10,000 inter-realizations for the boreal winter NPO index before multi-
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year El Niño events and multi-year La Niña events, respectively. The gray shaded regions in Fig. 1d
indicate the respective doubled standard deviations (SDs) (the 95% con�dence interval based on the
normal distribution) of the 10,000 inter-realizations. If the gray shaded regions do not overlap each other,
then the statistical signi�cance is above the 95% con�dence level. The statistical signi�cance of
correlations/regressions was calculated using a two-tailed Student’s t-test with n − 2 degrees of freedom
(n being the number of years).

Model description. The model used in sensitivity experiments of this study is the Flexible Global Ocean–
Atmosphere–Land System Model Grid-point version 2 (FGOALS-g2), one of the CMIP5 models, developed
by the State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid
Dynamics (LASG), Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences (CAS)72. The
FGOALS-g2 is a state-of-the-art CGCM, consisting of the Grid-point Atmospheric Model of LASG/IAP
version 2 (GAMIL2), the LASG/IAP Climate System Ocean Model version 2 (LICOM2), the Community
Land Model version 3 (CLM3), and the improved version of Community Ice CodE version 4 by LASG
(CICE4-LASG) connected with the coupler (CPL6). The atmospheric component has a resolution of about
2.8° × 2.8° in the horizontal dimension and 26 layers in the vertical dimension up to 2.194 hPa. The
oceanic component has a horizontal resolution of 1° × 1° (with 0.5° in the meridional direction in tropical
areas) and has 30 vertical levels with an interval of 10 m in the upper 145 m and increasing with depth.

Recently, a weakly coupled data assimilation (WCDA) system for constraining the atmospheric
component in a coupled model was developed and applied to the FGOALS-g2 model73. The data
assimilation method used in the WCDA system is the Dimension Reduced Projection Four-Dimensional
Variational (DRP-4DVar) scheme74, which is an economical approach for implementing 4DVar by using
the technique of dimension reduced projection (DRP). Although the ocean component of the coupled
model is not assimilated, the WCDA system can transfer the assimilated atmospheric information to the
ocean through air–sea coupling. Thus, we tested the role of the North Paci�c NPO forcing by conducting
experiments in which a positive NPO forcing is only added to the atmosphere component of the FGOALS-
g2 model.

Sensitivity experiments. The imposed NPO forcing is represented by monthly air temperature (T) and
wind (U, V) anomalies at three low pressure levels (1000, 925, and 850 hPa) associated with the NPO
during the boreal winter−spring (from November of year (−1) to May of year (0)), which are obtained by
regressing U, V, and T anomalies at 1000, 925, and 850 hPa on the concurrent NPO index (Supplementary
Fig. 16). Two model experiments were performed with the only difference being whether the positive NPO
forcing is assimilated using the WCDA system and added to the climatological annual cycle of the
atmosphere component of the FGOALS-g2 model. The experiment with positive NPO forcing is denoted
as the NPO forcing experiment (EXPNPO), whereas the experiment with the climatological annual cycle of
the atmosphere component is denoted as the CTRL experiment (EXPCTRL). The CTRL experiment was run
for 100 years, with its atmospheric composition, solar irradiance, and land cover �xed at 1850 values.
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The NPO forcing experiment consisted of 60 member ensemble simulations from the CTRL, each
initialized with conditions on 1 November from the last 60 years of the 100 yr integration.

Data availability
The HadISST dataset is available at http://www.meto�ce.gov.uk/hadobs/hadsst3/. The ERSST dataset
is available at https://psl.noaa.gov/data/gridded/data.noaa.ersst.v4.html. The Kaplan SST dataset is
available at https://psl.noaa.gov/data/gridded/data.kaplan_sst.html. The COBE SST dataset is available
at https://psl.noaa.gov/data/gridded/data.cobe2.html. The NCEP/NCAR monthly reanalysis is available
at http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html. The HadSLP2 dataset is
available at http://www.meto�ce.gov.uk/hadobs/hadslp2/. The Niño3.4 index is provided by the Climate
Prediction Center at https://psl.noaa.gov/data/correlation/nina34.anom.data.
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Figure 1

The NPO states prior to multi-year El Niño and La Niña events in observations and models. Normalized
JFM(0) NPO indices for (a) the �ve selected multi-year El Niño events and (b) the seven selected multi-
year La Niña events in observations. Horizontal dashed lines represent one positive and one negative
standard deviation in (a, b), respectively. (c) Probability density functions (PDFs) of the normalized
JFM(0) NPO indices for multi-year El Niño events (red curve), multi-year La Niña events (blue curve), and
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all winters (gray curve) in the CMIP5/6 models. (d) Histograms of 10,000 realizations of the bootstrap
method for the normalized JFM(0) NPO indices of multi-year El Niño (red) and La Niña (blue) events in
the CMIP5/6 models. Vertical red and blue lines indicate the mean values of 10,000 inter-realizations for
the boreal winter NPO index before multi-year El Niño events and multi-year La Niña events, respectively.
Gray shaded regions indicate the respective doubled standard deviations (SDs; the 95% con�dence
interval based on the normal distribution) of the 10,000 inter-realizations (see Methods). (e) Ratios of
multi-year El Niño events preceded by NPO events (NPO), NPO without La Niña events (NPO only), La
Niña occurring without NPO events (La Niña only), and La Niña with NPO events (La Niña & NPO) during
JFM(0) in the CMIP5/6 models. (f) As in (e), but for the ratios of multi-year La Niña events preceded by
NPO, NPO only, El Niño only, and El Niño & NPO, respectively.
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Figure 2

Evolutions of SST and SLP anomalies composited for multi-year El Niño events over a 3 yr period derived
from HadISST and NCEP1 SLP datasets. (a, b) JFM(0) SST and SLP anomalies, respectively. (c, d)
JFM(1) SST and SLP anomalies, respectively. (e, f) JFM(2) SST and SLP anomalies, respectively. The red
box in (d) denotes the region used to compute the SLP index over the Hawaiian region (SLPHI; 158°–
135°W, 13°–24°N). In (a-f), dots indicate SST and SLP anomalies signi�cant at the 95% con�dence level.
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Figure 3

Temporal evolutions of various indices over the North Paci�c for multi-year El Niño events. (a, b, c)
Temporal evolutions of the NPO index, the SLP index over the Hawaiian region (SLPHI), and the PMM
index from July(-1) to October(1) for the observed multi-year El Niño events, respectively. (d, e, f) As in (a,
b, c), but for multi-year El Niño events in the CMIP5/6 models. (g, h, i) Ensemble-mean difference in the
NPO, SLPHI, and PMM indices from July(-1) to October(1) between the positive NPO forcing and CTRL
experiments. In (a, b, c), the gray curves indicate individual evolutions of the observed multi-year El Niño
events, and the black curve indicates the mean of the gray curves. In (d-i), the colored shading indicates
interquartile ranges between the 25th and 75th percentiles. In (a-i), the vertical dashed lines denote the
time when various indices reach the peak.
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Figure 4

Schematic diagram illustrating the two-way feedback mechanism between the tropics and extratropics.
The positive NPO forcing during JFM(0) can induce an SST footprint in the subtropical northeastern
Paci�c during MAM(0) by changing the northeasterly trade, which resembles a positive phase of the
PMM. The PMM interacts with the trade winds and extends positive SST anomalies equatorward into the
central equatorial Paci�c through the WES feedback, leading to a CP-type El Niño event over the
equatorial Paci�c during the subsequent JFM(1). This CP-type El Niño in turn feeds back into the North
Paci�c to force changes in the atmospheric circulation over the Hawaiian region that project onto the
NPO variability, which re-activates the PMM to favor the development of another CP-type or EP-type El
Niño event. Through this two-way feedback process between the tropics and extratropics, the NPO
contributes to multi-year persistence of El Niño events in the tropical Paci�c.
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Figure 5

The impact of the NPO on the evolution of El Niño events in the CGCM experiments. (a) Ensemble-mean
differences in the Niño3.4 index from January(0) to April(2) between the positive NPO forcing and CTRL
experiments (red bars). As a contrast, also shown is the ensemble-mean Niño3.4 index of El Niño events
in the CTRL experiment (green bars). Error bars indicate the 95% con�dence intervals. (b) Probability of
multi-year El Niño events in the positive NPO forcing (red bar) and CTRL (green bar) experiments based
on 60 ensemble simulations.
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Figure 6

Relationship between future change in multi-year El Niño event frequency and NPO variance. (a) Inter-
model relationship between the change in frequency of multi-year El Niño events and NPO variance under
the Representative Concentration Pathway 4.5 (RCP4.5) scenario. (b) As in (a), but for the RCP8.5
scenario. Thirteen CMIP5 models (red dots) and ten CMIP6 models (blue dots) were used. The linear
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regression line is shown by the solid line, with the signi�cant correlation coe�cient (R) and signi�cance
level (P) being indicated in each panel.
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