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Five out of six La Nifia events since 1998 have lasted two to three years.

Why so many long-lasting multiyear La Nifia events have emerged recently
and whether they will become more common remains unknown. Here

we show that ten multiyear La Nifia events over the past century had an
accelerated trend, with eight of these occurring after 1970. The two types
of multiyear La Nifia events over this time period followed either a super El
Nifio or a central Pacific EI Nifio. We find that multiyear La Nifa events differ
from single-year La Nifias by a prominent onset rate, which is rooted in the

western Pacific warming-enhanced zonal advective feedback for the central
Pacific multiyear La Nifia events type and thermocline feedback for the
super EINifio multiyear La Nifia events type. The results from large ensemble
climate simulations support the observed multiyear La Nifia events-western
Pacific warming link. More multiyear La Nifia events will exacerbate adverse
socioeconomic impacts if the western Pacific continues to warmrelative to
the central Pacific.

Since the start of the twenty-first century, there have been five mul-
tiyear La Nifia events, including 1998-2000, 2007-2008, 2010-2011,
2016-2017 and 2020-2022 (Fig.1a). As only 10 multiyear La Nifias have
occurred over the past100 years, the clustered eventsinthe last 25 years
are notable. Although progress has been made in El Niflo/Southern
Oscillation (ENSO) studies during the past few decades, why double
and triple La Nifia events have become prominent in recent times
remains a puzzle.

Understanding the response of multiyear La Nifias to changing
climateis essential for mitigating severe natural hazards and protect-
ing socioeconomic systems. Multiyear La Nifia events, coupled with

global warming and land surface feedbacks, may explain the recent
megadrought in North America®”. Thousands of deaths and dramatic
economic losses have occurred worldwide during extreme multiyear
LaNinaweather-related hazards, including severe droughts, heatwaves
and wildfires over the Southwestern United States, devastating floods
over Australia, Bangladesh, China and Venezuela, and deadly hurri-
canes over the North Atlantic®™.

Multiyear La Nifias have remarkably more enduringimpacts than
single-year La Nifas because their persistence creates substantially
vaster seasurface temperature (SST) anomalies in the Pacific and Indian
oceans (Fig. 1b,c). Multiyear La Nifias induce lasting wet anomalies
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Fig.1|Historical change of LaNifia (1921-2022). a, Temporal evolution of the
Nifio 3.4 SST anomaly. A La Nifia year is defined by the below-normal (<-0.5 °C)
Nifio 3.4 Index, the SST anomaly averaged over the index region (5°S-5° N,
120-170° W), during its mature phase from ONDJF. A multiyear La Niiia lasts at
least two consecutive La Nifia years. The grey bars represent neutral years. Blue
shading indicates the period 0f 1970-2022. b,c, Comparisons of the composite

accumulative climate anomalies averaged for ten single-year La Nifia events

(b) and ten multiyear La Nifia events (c) during the period 0f1920-2022. The
accumulative anomalies are the sum of the ONDJF mean anomalies during each
year of the entire event, including the land precipitation (mm month™), SST (°C)
and 850 hPawind (m s™) anomalies. The stippled areas denote a significance level
of 0.05 by atwo-tailed Student’s ¢-test. Data used are described in Methods.

over Australia, Indonesia, tropical South Americaand southern Africa
as well as dry anomalies over the Southern United States, Equatorial
Africa, India and southeast China. A multiyear La Nifia may also prompt
amore robust than normal and longer-lasting land response to the
land-atmosphere coupling. Onthe other hand, SST anomaliesinduced
by single-year La Nifias are confined to the equatorial central Pacific
(CP)andthe precipitation anomalies are weak. Indeed, the single-year
events are withoutsignificant precipitation anomalies over Australia,
India, Africa, North America and Brazil. Even the first-year-only anoma-
lies of the multiyear La Nifia show stronger SST anomalies and more
significant impacts on precipitation over Australia, Africa and South
America (Extended Data Fig.1).

Aprevailing hypothesis for strong or multiyear La Nifias suggests
that suchevents are primarily caused by the preceding extreme EINifio
and attendant massive upper ocean heat content discharge that takes
many years to recover®®, This perception explains La Nifia episodes
after three super EINifio (SE) events (1982-1983,1997-1998 and 2015-
2016), albeit the 2016 La Nifia was marginal. However, three recent mul-
tiyear La Nifia episodes (2007-2008, 2010-2011 and 2020-2022) did
not follow a super or strong EINifio (Fig. 1a), suggesting the existence

of an alternative route to multiyear La Nifias. Furthermore, La Nifia’s
persistence has been ascribed to diverse sources, including intensive
ocean discharge by a strong preceding EI Niio®’, anomalous Ekman
heat transport in the decay period weakening the recharge process®,
nonlinearity in the delayed thermocline feedback’, thermodynamic
processes'’ and the influences from mid-latitude or interbasin interac-
tion*>", The critical factors determining the frequency, duration and
intensity change of multiyear La Nifias continue to be elusive.
Whether multiyear La Nifias will become more common is an
urgent societal concern. Although it is well recognized that global
warming affects La Nifia properties by changing mean background
states™ 7, climate models’ projections of La Nifia remain inconclu-
sive™® %, partly due to their mean state biasesin the current climate and
ENSO nonlinearity®*. Additionally, the reasons for future change of
multiyear LaNifias remain obscure. Given the models’ caveats, we first
investigate how the observed extreme La Nifia events have changed
with mean state variations over the past century and then examine the
Community Earth System Model Version 2 (CESM2) climate models’
large ensemble simulation results, hoping to better understand the
mechanism of multiyear La Nifias and anticipate future changes.
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Historical changesin LaNifa properties

Therewere 20 LaNifiaevents from1921t02022, including tensingle-year
and ten multiyear events, totalling 33 La Nifa years. Notably, multiyear
LaNifias have an evident accelerating trend (Fig. 1a). All five events in
the first 25 years (1921-1945) are single-year La Nifias, but five out of
six in the last 25 years (1998-2022) are multiyear La Nifias. Regarding
LaNinayears, the historical change is statistically significant atalevel
of P=0.01 (Supplementary Table1).

La Nifa’s intensity has also significantly changed. La Nifia and EI
Nifo are highly asymmetric in amplitude, duration and transition?*.
Since La Nifia usually has weaker intensity than EINifio but lasts longer,
using asingle-year intensity to measure La Nifia severity isinadequate.
We propose quantifying La Nifia severity by accumulative intensity, a
combined measure of yearly intensity and lifespan. The accumulative
intensity is defined by the sum of the mean Nifio 3.4 Index during each
year of the entire La Nifia event from October to the following February
(ONDJF).Forinstance, the accumulative intensity of the 1998-2000 La
Nifa (-3.45°C) is the sum of the ONDJF Nifio 3.4 Index in1998 (-1.34 °C),
1999 (-1.43 °C) and 2000 (-0.68 °C). The results suggest that the accu-
mulative intensity isan appropriate and practical measure of the sever-
ity of La Nifa events (Fig. 1b,c). The average accumulative intensity in
the past century is —1.6 °C. The top four events with an accumulative
intensity below -2.3 °C, including 1973-1975 (-3.9 °C), 1998-2000
(-3.5°C),2010-2011 (-2.4 °C) and 2020-2022 (-2.8 °C), may be con-
sidered extreme LaNifas. The 2010-2011 La Nifa affected four million
Colombians, caused approximately US$7.8 billion of economic losses®,
triggered a persistent 2011-2014 drought in California® and the Horn of
Africa”, and continued flooding in Australia’. The four extreme La Nifia
events generally induced similar precipitation anomalies in boreal win-
ter. However, the 2010-2011 event had aweaker influence in Africa due
tofeebleIndian Ocean cooling and associated weak circulation anoma-
lies, and the 2020-2022 event had notably different impacts over the
Southern Hemisphere (Extended Data Fig. 2). The average accumula-
tiveintensity has significantly (P < 0.01) increased by 71% from -1.17 °C
during 1920-1969 (nine events) to —2.0 °C during 1970-2022 (ten
events). The increased accumulative intensity is mainly due to the
enduring persistence, not the yearly magnitude, because the average
yearly intensity was about the same (1.0 °C) in the two 50-year periods.

Two types of multiyear La Nifia involve different
processes

The eight multiyear La Nifia events since 1970 can be categorized into
two types based on their antecedent conditions (Fig. 1a). The first type
follows the SE events 0f 1982, 1997 and 2015, and is called super El
Nifio-to-multiyear La Nifia (SE2ML) (Fig. 2a). The second type, consist-
ing of five events (1970-1971,1973-1975,2007-2008,2010-2011 and
2020-2022),isprimarily preceded by aCP-related EINifio (CPE) (Fig.2b)
and is called CPE2ML. The traditional definition of a CP EI Nifio is
based onasnapshot of the maximum SST anomaly location at its peak
phase. Our definition of a CP EINifio is based on the EINifio evolution
from pre-onset to the peak phase. Thus,a CP EINifois characterized
by (1) the warming and associated westerly anomalies originating
from the equatorial western Pacific (WP); (2) the warming propa-
gating (extending) eastward during the development stage; and (3)
significant warming in the CP during the mature phase. The 1969,
1972,2006, 2009 and 2018-2019 warm events meet these criteria
(Extended Data Fig. 3).

Composite evolutions of the two types of multiyear event, from
the preceding EI Nifio year (-1) to La Nifia onset year (0) and La Nifia
persistence year (+1), are shown in Fig. 2. The evolutions of each mul-
tiyear event suggest the composite evolutions represent individual
events reasonably well (Extended Data Fig. 3). SE2ML cooling origi-
nates from the CP around June (0), reaching —-0.75 °C in September
(0) (Fig. 2a) and features a weak first-year La Nifia in the CP. In con-
trast, the CPE2ML cooling starts from the far eastern Pacific around

March (0), rapidly reaching —0.75 °CinJune (0), and features astrong,
westward-propagating first-year La Nifia followed by a decaying
second-year La Nifa. If we classify the strong 1973-1975 event to the
SE2ML, the composite pictures are modified slightly and the above
description remains valid.

The two types of multiyear LaNifiaand single-year La Nifiainvolve
different atmosphere-ocean feedback processes. We compare
them over the core region of La Nifia in the equatorial CP (5°S-5°N,
120° W-180°) (Fig.3). More detailed longitudinal variations of each pro-
cessalongthe Equator are shownin Extended Data Fig. 4. First, we note
that the onset of a multiyear La Nifia features a substantially stronger
coolingtendency thanasingle-year LaNifa. This fact explains why the
first-year climate anomalies associated with multiyear La Nifa events
aresignificantly greater than single-year events (Extended Data Fig.1).
Thus, the magnitude of the LaNifia onset rate or the transition rate from
theantecedent EINifo to LaNifnadistinguishes the ensuing persistence.
This fundamental difference can be used as a predictor to anticipate
the occurrence of amultiyear or asingle-year La Nifa.

The onset and persistence of SE2ML are primarily attributed to
the thermocline feedback (Fig. 3a). The heat loss associated with the
meridional heat advection also plays a significant role in persistence,
confirming the role of the intense heat content discharge process®.
Unlike SE2ML, the onset and persistence of CPE2MLin the CP are mainly
duetothezonaladvective feedback (Fig. 3b). The thermocline feedback
contributes toits persistence. The upwelling feedback contributes to
the initiation of cooling in the eastern Pacific (Extended Data Fig. 5).
The meridional heat advection generally lags behind the mixed-layer
temperature (MLT) tendency (and the zonal advective and thermocline
feedbacks) by about a season. Its effect also tends to be offset by the
surface heat flux effects. The upwelling feedback haslittle effectin the
CP.Therefore, the onset and persistence inthe CP are primarily attrib-
uted to the sum of the thermocline and zonal advective feedbacks, with
more prominent thermocline feedback in SE2ML and more prominent
zonal advective feedbackin CPE2ML. However, the upwelling feedback
plays a critical role in initiating the CPE2ML that originates from the
far eastern Pacific.

Causes of the increasing multiyear La Nifna

Pacific mean state changes, whether due to external forcing or internal
variability, can modulate El Nifio and La Nifia. Over the past century,
theequatorial WP (5° S-5° N, 130-170° E) has experienced significant
warming compared with the equatorial CP (5° S-5° N, 150-170° W)
(Extended DataFig. 6). The zonal SST gradient, measured by SST in the
WP minus thatinthe CP,was1.37 °C during1921-1940 and 1.66 °C dur-
ing2001-2020, anincrease of about 21.2%. Accordingly, the associated
easterlies have increased near the dateline (150° E-150° W)?* and the
thermocline depth has shallowed by about 24 m, from142 mto 118 m.

The WP warming-increased SST gradients can strengthen the
zonal advective feedback by increasing mean SST gradients. The
WP warming-strengthened easterlies can lift the thermocline and
increase upwelling, boosting thermocline and upwelling feedbacks.
However, thermocline feedback may be compensated by the ther-
mocline depth variations in response to wind changes®>*°. The WP
warming-strengthened easterlies canenhance the upwelling and pole-
ward currents, promoting meridional heat advection. These coupling
processes may alter the occurrence of multiyear La Nifas by changing
the onset of the antecedent EINifio and the onset and persistence of La
Nifia, because these phases are open to background-state modulation,
aselaborated below.

First, WP warming may promote a multiyear La Nifia by initiat-
ing more frequent antecedent SE and CPE events. Both the SE and
CPE events initiate in the WP at the beginning of year -1 (Fig. 2). WP
warming can shift EI Nifio onset from the eastern to western Pacific
by strengthening zonal advective feedback, leading to more frequent
CPE and SE events®. This assertion is supported by Fig. 4a: when
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Fig.2| Composite evolutions of two types of multiyear La Nifia events during
the post-1970 period. a,b, Three SE2ML events (1983-1984,1998-2000,
2016-2017) (a) and five CPE2ML events (1970-1971,1973-1975,2007-2008,
2010-2011,2020-2022) (b) showing SST (shading, °C) and 1,000 hPa zonal wind
(contours, ms™) anomalies. The stippled areas in SST denote a significance level

of 0.05 by atwo-tailed Student’s ¢-test. Horizontal purple lines indicate January
(0) andJanuary (1). There were only two double La Nifa events before 1970, which
followed a neutral ENSO state (Fig. 1a), differing from the eight multiyear La Nifia
events after 1970.

the WP background SST increases, the antecedent EI Nifilo’s warm-
ing occurs preferentially in the west-central Pacific (W-CP, 5°S-5°N,
120° E-170° W) withr=0.90 (P< 0.01). More frequent CPE and SE events
wouldincrease the odds for CPE2ML and SE2ML events. This also means
that extreme El Nifio and La Nifia events may share a common origin
in WP warming.

Second, the WP warming-enhanced zonal advective and ther-
mocline feedbacks favour the recent rapid transition of CPE events to
multiyear La Nifias (Fig. 3b). We find that the La Nifia onset rate s, to a
large degree, anindication of its accumulative intensity or persistence
(Fig. 4b). Here the ‘La Nifa onset’ rate is measured by the cold tongue
(5°S-5°N,180-90° W) SST anomaly tendency from March (0) to Octo-
ber (0) of the first-year La Nifia. A faster onset corresponds to a higher
accumulative intensity with asignificant positive correlation (r= 0.64,
P<0.01)forall20 LaNifiaevents (Fig. 4b). Physically, afast onset means
asizeable discharge of heat content at its mature phase that takes
longer torecover. This assertion is supported by a significant positive
correlation between the onset rate and the accumulative thermocline
depth anomaly from April (0) to March (+1) (Fig. 4c), indicating more
upper ocean heat discharge in the La Nifla mature phase. The La Nifia
onsetrate providesa predictor for LaNifia’s accumulative intensity. It
also helpsto foretell if a CPE will lead to a multiyear La Nifia.

The observedresultsin Fig.4a,b are further verified by examining
the CESM2 Large Ensemble experiments that participated in Coupled
Model Intercomparison Project Phase 6 (CMIP6) historical runs (Meth-
ods). The CESM2 canreasonably reproduce the observed ENSO*. The
ten CESM2 ensemble simulations included 288 La Nifia events from
1901t02013. The models’ WP warming increases the frequencies of the
antecedent EINifio that originated from the west Pacific (SE and CPE)

withr=0.48 (P<0.01) (Fig.4d). The faster-growing La Nifiaevents tend
to lead to a larger accumulative intensity (r=0.64, P<0.01) (Fig. 4e).
Furthermore, the 30-year mean WP SST increased from the1901-1930
period to the 1981-2010 period by a mean value of 0.24 °C (Extended
DataFig. 7). During 1901-1930, the number of single-year events (56)
is comparable to the number of multiyear events (52). However, dur-
ing 1981-2010, the number of multiyear events (91) is nearly three
times that of single events (32). This change is statistically significant
(P<0.01) (Supplementary Table 2). We illustrate the total number of
multiyear LaNifiayears that occurred during1901-1930 and 1991-2010
asafunction of the corresponding 30-year mean WP SST (Fig. 4f). The
number of multiyear LaNifiayears increases with rising WP SST witha
significant correlation of 0.52 (P < 0.05).

Discussion

Thisstudy shows anaccelerated trend of multiyear La Nifias over the past
century (Fig. 1). There were only two multiyear La Nifia events before
1970, and these followed a neutral ENSO state (Fig. 1a), differing from
the eight multiyear La Nifia events after 1970 that followed an EI Nifio.
The eight multiyear events after 1970 form two types of multiyear La
Nifia, which are categorized as SE2ML and CPE2ML (Fig. 2). The CPE2ML
isanemerging formof multiyear LaNifiain recent decades. We postulate
thatboth typesarise from WP warming (orincreased SST gradientsinthe
west-to-central Pacific) that enhanced atmosphere-ocean coupling. The
LaNifaonset rateis found toforetellits accumulative intensity and sever-
ity of its climate impacts, providing a precursor for predicting extreme
La Nifias. The WP warming-enhanced zonal advective and thermocline
feedback processes are responsible for the rapid onset and persistence of
multiyear LaNiias, distinguishing them from single-year La Nifas (Fig. 3).
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Fig. 3| Oceanic mixed-layer temperature tendency analyses. a-c, Analyses

of SE2ML (a), CPE2ML (b) and single-year La Nifias (c) over the equatorial CP
(5°S-5°N, 180°-120° W) covering the preceding El Nifio year (-1), La Nifia onset
year (0) and La Nifia persistence year (1). The MLT tendency (°C month™, black) is
mainly attributed to five processes: zonal heat advection by anomalous currents
(zonal advective feedback, red), vertical heat advection by the mean upwelling
(thermocline feedback, blue), vertical heat advection by anomalous upwelling
(upwelling feedback, green), meridional heat advection by the mean currents
(meridional feedback, purple) and surface heat fluxes (yellow). Vertical dashed
lines indicate January (0) and January (1). The linearly detrended anomalies and
the climatology during 1920-2022 were used.

The enhanced zonal advective and thermocline feedback processes
favour (1) initiating SE and CPE events in the west Pacific (Figs. 2b
and 4a), increasing the odds for the occurrence of multiyear La Nifas;
and (2) promoting the fast transition of SE and CPE events to La Nifia
(Fig. 3b), leading to a sizeable cooling rate and heat discharge. Many of
the observed features of multiyear LaNifas find support from the CESM2
Large Ensemble experiments during historical simulation (1901-2013),
lending confidence to the conclusions obtained from the limited number
of observed La Nifa events (Fig. 4d-f).

These findings shed light on the factors that may promote escalat-
ing extreme La Nifiasin a future warming world. The perception moves
beyond the notion that links extreme EINifio and La Nifia events to east-
ernPacific warming and attributes the changesin these occurrences to
different sources. The WP relative warming may affect both extreme El
Nifo and La Nifia events by shifting El Nifio onset from the eastern to
western Pacific?’ and favouring a fast transition to a persistent La Nifia.
The knowledge gained from the historical observations adds ametric to
validate the models’ fidelity. It provides emergent constraints toreduce
the uncertainties in projecting future changes of extreme La Nifas.

One may wonder whatdistinguishesadouble or triple LaNifia. The
results in Extended Data Fig. 8 indicate that double and triple La Nifia
events display asimilar evolution during the first two years. However,
thetriple LaNifia hasagreater onset rate and exhibits stronger cooling
inthe central-eastern Pacific and stronger easterly anomalies over the
WP towards the end of the second year, signifying the persistence into
the third year. The mixed-layer heat budget results show that during
theonset year (0), the double and triple La Nifia events are dominated
by similar physical processes (Extended Data Fig. 9). However, during
thefirst persistence year (1), the zonal advective and thermocline feed-
backs are stronger in the triple La Nifia events, leading to the second
persistence year of La Nifa.

Preliminary analysis of CMIP6 models indicates that most mod-
els cannot reproduce the observed moderate SE and CPE events
originating from the west Pacific. Many CMIP6 models cannot cor-
rectly reproduce ENSO asymmetry, La Nifia’s persistence or the
frequency of multiyear La Nifias, preventing the faithful projection
of future change in extreme La Nifias. Current climate models suffer
considerable cold tongue bias'®?°, and the projected Pacific mean
states are inconsistent across models®”. Most, though not all, of the
latest generation of climate models still cannot reproduce the trends
in the observed tropical SST*, making it difficult to use multiple
modelsto test the observed WP warming impacts on ENSO diversity
and multiyear La Nifias. Improving these model defects requires an
urgent community effort.

There are ten CPE cases, among which only five are followed by
amultiyear LaNifna. However, the La Nifia onset rate following a CPE
can help to anticipate which of theseis likely to lead to amultiyear La
Nifia. Asshownin Extended DataFig. 10, following all ten CPE events,
the La Nifia onset rate is significantly correlated with its accumulative
intensity (r=0.65, P< 0.05), implying that a rapid transition from
CPE to La Ninais likely to lead to a large accumulative intensity or
persistenceinto amultiyear LaNifia due to anintense heat discharge
by zonal and thermocline feedbacks (Fig. 4c). Despite this predic-
tor, we need to explore other mechanisms that explain why some
EINifio events lead to a multiyear La Nifia, while others do not. Fully
understanding multiyear La Nifia dynamics requires considering
many other possibilities, including influences from mid-latitude
and the Indian or Atlantic oceans®”", the role of eastern Pacific
mean state change, triggering mechanisms arising from the
interaction between the annual cycle and high-frequency mode,
among others.

The root causes of the Pacific mean state change over the past
century remains an open issue. On the one hand, GHG-forced warm-
ing in the western tropical Pacific has reached its highest level in the
historical record, and further warming in the equatorial Pacific will
ensure that record-setting high temperatures will be experienced for
decades to come?**, GHG warming could also slow down the Atlan-
tic Meridional Overturning Circulation and warm the tropical South
Atlantic, strengthening the Pacific trade winds through interbasin
teleconnection®. Onthe other hand, internal variabilities and randomly
changing EINifio and La Nifia events due to their nonlinear asymmetry
couldrectify the Pacific mean state®*”. Nevertheless, to what extent the
relative WP warming is attributed to anthropogenic forcing requires
in-depth investigation. However, the potential future intensification
of SST difference between the western and central Pacific may play a
vital role in the increasing compound impacts of severe El Nifio and
LaNifa events.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Data used

The SST data used in this work are averages of two monthly mean SST
datasets from1871-2022: (1) the Hadley Centre Sealce and SST dataset
v.1(HadISST1) (ref. 38) and (2) the Extended Reconstructed Sea Surface
Temperature Version 5 (ERSSTv5) global SST dataset™. The surface
winds and atmospheric circulation fields are derived from the European
Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis data-
sets, which are made by merging the ERA-20C reanalysis*’ (1901-1957),
ERA 40-year (ERA-40) (ref. 41) reanalysis (1958-1978) and ERA5 reanaly-
sis*? (1979-2022). To ensure temporal consistency, we calibrated the
mean states of the ERA-40 and ERA5 reanalysis datasets using the data
during the overlap period 0f1979-2001 and by removing their differ-
ences in monthly climatology during the overlap period (1958-2010)
from the ERA-20C dataset. The precipitation data are derived from the
Global Precipitation Climatology Centre dataset over land from 1901 to
2022*. Thessurface heat flux dataare made by merging the NOAA-CIRES
20th Century Reanalysis (1921-2012)** and NCEP/DOE Reanalysis II
(1979-2022)*. We calibrated the mean states of these by removing
their differences in monthly climatology during the overlap period.
The oceanreanalysis dataset used is primarily from the Simple Ocean
Data Assimilation (SODA) v.2.2.4 reanalysis for 1871-2008*¢, which is
extended from 2009 to 2022 using the Global Ocean Data Assimilation
System (GODAS)*. The mean state of GODAS is calibrated to SODA
based on the overlapping period from 1980 to 2008.

In this work, we used data from the past 100 years (1920-2022),
considering the large discrepancy and uncertainty of SST data for the
period before 1920 between HadISST and ERSST. We also used linearly
detrended data for the analysis. The SST anomaly averaged in the Nifio
3.4 region, known as the Nifo 3.4 Index, shows maximum variances
during ONDJF, with a peak in December®. Thus, to select LaNifia years,
we used ONDJF with mean Nifio 3.4 of less than—0.5 °C. There were 20
La Nifia events from 1920 to 2022, including ten single-year and ten
multiyear LaNifias. The 20 events comprise 33 La Nifia years, including
20 onset and 13 consecutive years.

Ocean mixed-layer heat budget

The budget analysis was applied to the composite events for four
types of La Nifia. To quantify the contributions of different dynamic
processes to the El Nifio evolution, we used the following ocean MLT
tendency equation®:

E— (V- VT+ V- VT 4+ V- VT) + R=—[(20 + 20 4+ ©T)
ot ox ox ox
(L@T o1 v’DT’) (w’aT woT + w’aT’)] +R,
ay ay ay 0z 0z 0z

wherethe overbars and primes denote climatological mean and anoma-
lous quantities, respectively; Tisthe MLT; V = (u, v, w)refers tothe zonal
and meridional currents and upwelling velocities, respectively; p
(=103 kg m™) is water density; C,(= 4,000 ] kg K™) is the specific heat
of water; and Ris the residual term, including surface heat exchange.

CESM2 Large Ensemble simulations

We used ten historical experiments (1850-2014) obtained from the
CESM2 Large Ensemble simulations derived from the latest CESM2
model*® with CMIP6 historical forcing from 1850 to 2014* to support
the observed multiyear La Nifia behaviour. CESM2, limited by the
chemistry, isa‘low-top’ version of the atmospheric model and uses the
horizontal resolution nominal1° x 1°. The ocean models are the Parallel
Ocean Program v.2 with a uniform spacing of 1.125° in longitude and
varying spacinginlatitude and provide 60 vertical levels. To ensure the
CESM2 model can reproduce reasonably realistic La Nifia behaviour,
we examined the model’s performance on ten simulations using the
same method for the observational data to distinguish different types
of LaNina simulated by CESM2.

Data availability

All data related to this paper can be downloaded as follows: SST data
are derived from the HadISST v.1 (ref. 38) (https://www.metoffice.
gov.uk/hadobs/hadisst/data/download.html) and ERSSTVS5 (ref. 39)
(https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html);
atmospheric circulation fields are derived from ERA-20C reanaly-
sis*® (https://rda.ucar.edu/datasets/ds626.0/dataaccess), ERA-
40 reanalysis* (https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-40-years) and ERAS reanalysis*?* (https://www.
ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5); precipitation
data are available at the Global Precipitation Climatology Centre*’
(https://www.esrl.noaa.gov/psd/data/gridded/data.gpcc.html); sur-
face heat flux data of NCEP reanalysis 2 (ref.45) and 20CR v.2 (ref. 44) are
availableat https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.
html and https://psl.noaa.gov/data/gridded/data.20thC_ReanV2c.
html, respectively; ocean reanalysis dataare from SODAV.2.2.4 (ref. 46)
(https://www.atmos.umd.edu/~ocean/index.htm) and GODAS*
(https://www.esrl.noaa.gov/psd/data/gridded/data.godas.html);
CESM2 Large Ensemble simulation*® outputs are available at https://
www.cesm.ucar.edu/community-projects/lens2.

Code availability
Code for the main results is available on Zenodo at https://doi.
org/10.5281/zenodo.8196384 (ref. 50).
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(b)1998-2000, (c) 2010-11, and (d) 2020-22.
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Extended DataFig. 3 | Evolution of each multiyear La Nifia event during the post-1970 period. SST (shading, °C) and 1000hPa zonal wind (contours, ms™)
anomalies.
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Extended Data Fig. 4 | Oceanic mixed layer temperature tendency analyses.
(a) Super-EINifo to multiyear La Nifia (SE2ML), (b) central Pacific El Nifio to
multiyear La Nifia (CPE2ML), and (c) single-year La Nifa along the equatorial belt.
The analysis period (ordinate) covers the antecedent EI Nifo, Year (-1),
LaNifaonset, Year (0), and La Nifia persistence, Year (1). The processes caused
the ML temperature tendency (units: °C month™) include zonal advective

feedback (zonal heat advection by anomalous currents), thermocline feedback
(vertical heat advection by the mean upwelling), upwelling feedback (vertical
heat advection by anomalous upwelling), meridional heat advection (by the
mean currents), and surface heat fluxes. Horizontal purple lines indicate Jan
(0) andJan (1). Thelinearly detrended anomalies and the climatology during
1920-2022 were used.
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Extended Data Fig. 5| Oceanic mixed layer temperature tendency analyses of the eastern Pacific. The same as in Fig. 3 except for the eastern Pacific
(120°W-80°W). The eastern Pacific bears similar features as the central Pacific, except the upwelling process plays amore prominentrole.
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Extended Data Fig. 6 | Mean state change during 1921-2020. (a) 30-year the equatorial thermocline depth and temperature measured by 20-year mean
running mean SST over the WP (130°E-170°E, 5°S-5°N) (red line), SSTW minus difference: 2001-2020 minus 1921-1940. Black line represents the thermocline
SSTC (170°W-150°W, 5°S-5°N) (orange line), and thermocline depth (20 °C depth during 2001-2020 while brown line represents the thermocline depth

isotherm, Z20 (m)) averaged in the NINO3.4 region (blue line). (b) The change of during1921-1940.
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Extended Data Fig. 7| Simulated western Pacific SST change. The 21-yr running mean SST time series averaged over the WP (130°E-160°E, 5°S-5°N) during 1901-
2013 simulated by each of the ten CESM2 ensemble experiments. The warming trends measured by the difference between the last 30-year and the beginning 30-year
mean SST vary from 0.10 to 0.35 with amean of 0.24.

Nature Climate Change


http://www.nature.com/natureclimatechange

Article https://doi.org/10.1038/s41558-023-01801-6

b Triple-year LN

Jan(+3)
Oct(+2)
July(+2)
Apr(+2)
Jan(+2)
Oct(+1)
July(+1)
Apr(+1)
Jan(+1)
Oct(0)
July(0)
Apr(0)
Jan(0)
Oct(-1)
July(-1)
Apr(-1)
| | | T T Jan(-1) T | | | |
120°E 150°E 180° 150°W 120°W 90°W 120°E 150°E 180° 150°W 120°W 90°W

[ — E— [ [ [ | IO S o |
-15 -1 -075-05-025 0 025 05 0.75 1 15 2
SST anomaly (°C)

Extended Data Fig. 8 | Composite evolutions of two types of multiyear 1983-84,2007-08,2010-11, and 2016-2017), and (b) three triple-year La
LaNifa events during the post-1970 period. SST (shading, °C) and zonal Nifna (1973-75,1998-2000, and 2020-2022). Horizontal purple lines indicate
wind (contours, ms™) anomalies. (a) Five double-year La Nifia (1970-71, Jan (0) andJan (1).
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Extended Data Fig. 9| Oceanic mixed layer temperature tendency analyses. The same as in the Extended Data Fig. 4 except for (a) double-year La Nifa and (b)
triple-year LaNifa along the equatorial belt.
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Extended DataFig.10 | The observed relationship between the La Nifia onset rate following CP EINifio events and its accumulative intensity. The La Nifia onset
rate following all ten CP EI Nifo events significantly correlates with its accumulative intensity (r = 0.65, p < 0.05). The onset rate is defined by the NINO 3.4 cooling
tendency from March (0) to October (0).
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