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EINifno-Southern Oscillation (ENSO) events, whether in warm or cold

phases, that persist for two or more consecutive years (multi-year), are
relatively rare. Compared with single-year events, they create cumulative
impacts and are linked to extended periods of extreme weather

worldwide. Here we combine central Pacific fossil coral oxygenisotope
reconstructions with amultimodel ensemble of transient Holocene global
climate simulations to investigate the multi-year ENSO evolution during
the Holocene (beginning -11,700 years ago), when the global climate was
relatively stable and driven mainly by seasonal insolation. We find that, over
the past~7,000 years, in proxies the ratio of multi-year to single-year ENSO
eventsincreased by afactor of 5, associated with alonger ENSO period (from
3.5to4.1years). This change is verified qualitatively by a subset of model
simulations with a more realistic representation of ENSO periodicity. More
frequent multi-year ENSO events and prolonged ENSO periods are being
caused by ashallower thermocline and stronger upper-ocean stratification
inthe Tropical Eastern Pacific in the present day. The sensitivity of the
ENSO duration to orbital forcing signals the urgency of minimizing other
anthropogenicinfluence that may accelerate this long-term trend towards
more persistent ENSO damages.

The El Nifio-Southern Oscillation (ENSO) is the most prominent
year-to-year variability in the climate system'. It is characterized by
transitions between two phases: positive (El Nifio) and negative (La
Nifa) sea surface temperature (SST) anomalies in the tropical Pacific.
By disrupting the global weather patterns? the hazards caused by ENSO
range from droughts and forest fires to extreme rainfall and flooding
in various parts of the world, damaging agriculture, ecosystems and
human societies**.

ENSO events follow a distinct cycle with their mature phase in
boreal winter and their decline in spring due to a persistence barrier
(PB)**. However, ENSO is known to be highly variable in its evolution,

and some ENSO events tend to persist for consecutive years”’; notably,
the recent triple-dip La Nifia persisted for three succeeding years™. It
is projected that multi-year La Nifia and El Nifio will probably increase
in the future under anthropogenic forcings'2. This trend has already
been seen in the past decades where five out of six La Nifia events
turned into multi-year La Nifia™. Since 1950 CE, five multi-year EI Nifio
events have occurred, two of which developed in the past decade™.
These multi-year ENSO variations come along with stronger, cumula-
tive impacts compared with single-year ENSO events™". For instance,
persistent wet conditions over Australia, Indonesia, tropical South
Americaand South America, as well as dry conditions over the southern
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Fig. 1| Single-year and multi-year ENSO in proxies and reanalysis. a-d, The
temporal evolution of single-year (aand b) and multi-year (c and d) ENSO cases
(redlines, EINifio; blue lines, La Nifia), showing composites of selected proxy
reconstruction of the coral oxygen isotope anomaly (a and ¢) and the Nifio 3.4
SST anomaly (b and d). The solid lines and the shading show the meanand 1

s.d. of all casesin the corresponding composites. e, The locations of the fossil
coral synthesis used in this study (magenta circles). The ERSST monthly SSTA
variability (s.d.) during 1854-2023 cE is represented by the shaded colours. The
black box s for the Nifio 3.4 region.

USA, equatorial Africa, Indiaand southeast China are climate responses
linked to multi-year La Nifia events”. Multi-year El Nifio events fol-
lowed by La Nifia events could cause a shift from one extreme to the
other in some regions, increasing their severe damages due to their
prolonged states®.

The possibility of more frequent multi-year ENSO has important
societalimplications. Climate models still have limitations in how they
represent various physical processes vital to ENSO periodicity'. This
brings uncertainties to the climate projections of future occurrence of
multi-year ENSO. For instance, wheninvestigating such projections, ear-
lier studies usually selected a subset of models based on some aspects of
ENSO dynamics, such as ENSO skewness" and ENSO spatial pattern'?, but
those cannot guarantee arealistic simulation of ENSO duration and tim-
ing. The chaotic nature of ENSO on annual to centennial timescales®,
combined withtherelative scarcity of multi-year events and the model-
ling challenges, mean that the robustness of shifts in ENSO periodicity
over theinstrumental record" is still under debate.

Reconstructions of ENSO in the geological past (palaeo-ENSO
archives?>”) can greatly increase the sample size of multi-year events
aswellasexplore their response to any external forcings (for example,
seasonalinsolation). Oxygenisotope records from central equatorial
Pacific corals, which highly correlate with the local SST evolution,
indicate the existence of multi-year ENSO in the past millennium®.
Over the past decade, these monthly resolved central Pacific coral

580 reconstructions®? have revealed a highly variable yet overall
strengthening ENSO magnitude during the Holocene, but few studies
have specifically examined variations in multi-year ENSO occurrence
or ENSO duration. In this study, we use a synthesis of these recon-
structions and the most recent climate model ensemble of transient
Holocene simulations to investigate the changes in occurrence of
multi-year ENSO over the much longer timespan of the past 7,000
years (7 ka; the Holocene) and relate these to the forcing mechanisms.

Multi-year ENSO in reconstructions and
simulations

Multi-year ENSO events are evident in scattered coral 80 anomalies
from the equatorial central Pacific (Methods), with the development
and decay of each event showing strong similarities with the Nifio 3.4
(5°Nt05°S,170° W to 120° W) SST reanalysis data of 1854-2023 CE
(Fig.1). Theanomalies of multi-year ENSO events start to decline after
thefirst-year’s peak, reaching a trough after -6 months, but strengthen
again and peak for a second year after -12 months. Compared with
single-year ENSO, multi-year events are preceded by stronger
opposing anomalies; for instance, a stronger EI Nifio is followed by a
multi-year La Nifia (Fig. 1a,b, blue line versus Fig. 1c,d, blue line). Over
the1,265-years-worth of monthly records spanning the Holocene, we
count 87 and 108 multi-year El Nifio and La Nifia events and 307 and
260 single-year EI Nifio and La Nifia events, respectively.
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Fig. 2| Multi-year ENSO in proxies and simulations during the past 7 ka.

a-h, The evolution of the ratio of multi-year to single-year EINifio + La Nifia rgyso
(aande), EINifory (bandf), LaNifiar,y (cand g) and ENSO-dominant period
(d and h) from proxy reconstructions (a-d) and model simulations (e-h).In
a-d, eachblack circle represents a fossil coral slice, and the purple circles show
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the values for ERSST reanalysis of 1854-2023 ce. The blue circlesina provide
reference diameters of the circles (proportional to data length). The dashed blue
lines are weighted (by datalength) linear fits. In e-h, the black curves show the
selected model ensemble mean and the grey shading shows the model ensemble
spread of1s.d.

Individual fossil coral slices reveal that multi-year ENSO occur-
rence iscommon throughout the Holocene, with at least one multi-year
event happeninginalmost every coralslicelonger than 20 years (Fig. 2a
and Extended Data Fig. 1a). Most records show a ratio of multi-year to
single-year events below 1, suggesting that single-year events have
dominated throughout the Holocene (Fig. 2a—c). Also, the multi-year
LaNifiaevents are generally more frequent than the multi-year EINifio
events (Fig. 2b versus Fig. 2c). These features are consistent with the
instrumental record (Fig. 2a-c, purple circles).

The multimodel ensemble of the Holocene transient simulations
(Methods) reproduces considerable multi-year ENSO events during
the Holocene (Fig. 2e-g). The multimodel ensemble usually provides
amorereliable representation for long-term ENSO evolution, poten-
tially cancelling out the intrinsic decadal or centennial variability of
ENSO in individual simulations'”'®, We set a criterion to select a sub-
set of four simulations to exclude the models biased by too-regular
ENSO cycles” or those that show limited performance on critical ENSO

metrics®® considered unsuitable for this study (Methods). However, the
multimodel simulationsstill tend to underestimate the occurrence of
consecutive ENSO, and the simulated ratio of multi-year to single-year
ENSOis about half the level suggested by the proxy data and observa-
tion (see more details in the Methods).

The Holocene evolution of multi-year ENSO
occurrence

Despite potential uncertainties due to data length or chronology
(Supplementary Discussion), a robust linear increase in the ratio of
multi-year tosingle-year ENSO events over the past 7,000 years emerges
fromthe proxy reconstructions (Fig. 2a-c, dashed blue line), driven by
anincreasing (decreasing) occurrence of multi-year (single-year) ENSO
(Extended DataFig.1). Modernratios obtained frominstrumental data
(Fig. 2a-c, purple circles) are very close to those obtained in recent
(long) fossil corals, which supports the reliability of the palaeoclimate
reconstruction. However, in short coral records, the large internal
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Fig. 3| Multi-year ENSO, ENSO period and amplitude relationship in proxies
and selected simulations. a,b, The relationship between the ratio of multi-year
to single-year ENSO ryso 0N the x axis and the ENSO-dominant period (a) or

ENSO amplitude (b) on the y axis. The dashed blue lines show the linear fit. The
bluecirclesinaprovide reference diameters of the circles (proportional to data
length). The purple circle inais for ERSST reanalysis of 1854-2023 CE, but it is not
showninb because itis not appropriate to compare the variability of SST and 6'*0
directly.Inaandb, the Pvaluesin the Pearson correlation (corr) are shown in the
figure legend. ¢, Acomparison of corr(rgyso, ENSO period) (blue) and corr(regyso,
ENSO amplitude) (red) in proxies and four selected simulations.

variability in ENSO introduces noise (outliersin Fig. 2b,c and Extended
Data Fig. 1b,c), which can be minimized by considering EI Nifio and La
Nifa together as this increases the total number of events (Fig. 2a).
Nonetheless, we estimate anincreasing trend in the ratio of combined
multi-year events to single-year events (rgyso), and those of multi-year
to single-year El Nifio (ry,) and La Nifa (r,) are all statistically signifi-
cant (P<0.05; samples weighted by data length; Methods). The ratio
Ienso increases from 0.09 during the earliest 1,000 years of the proxy
compilation to 0.44 during the last millennium (compared with 0.42
in the instrumental period) by a factor of 5.

The four-model ensemble mean also shows anincreasing propor-
tion of multi-year events during the Holocene (Fig. 2e-g; P=0.064,
P=0.827 and P < 0.05), which coincides qualitatively with the proxy
reconstructions. The increase in the ratios is more modest, but the
ratios themselves are also smaller. The uncertainties due to the sliding
window size when analysing the simulations can be almost neglected
whenwindowsizeis larger than 50 years (Supplementary Discussion).

Notably, the proxies and model simulations consistently show that
thisincreasing occurrence of consecutive ENSO eventsis contributed
by more frequent multi-year La Nifia as well as multi-year EI Nifio, with
a greater contribution from the former (as seen in its larger slope of
linear fit). The averaged ryy and r, of all proxies are 0.28 and 0.42,
respectively. These features areinagreement with the observation that
multi-year La Nifia cases are more common than multi-year EI Nifo”"
(Fig.2b,c, purplecircle).

Prolonged ENSO cycles and their cause

The Holocene annual mean climate is relatively stable compared with
theglacial period”. Nonetheless, changesin the distribution of incom-
ing solar radiation across the year (caused by orbital precession) still
drove important regional climate variations®**., This seasonal inso-
lation change caused a marked reduction in ENSO amplitude in the
eastern and central Pacific******* that has been linked to systematic
changes in the upper-ocean structure and climate background in the
tropical Pacific?**. They could further affect the ENSO periodicity.

The fact that multi-year EI Nifio and La Nifia consistently became
more frequentisassociated with a prolonged ENSO period, as the anom-
aliesremaininthe warm or cold phase for longer. The ENSO-dominant
period (Methods) is found to significantly (P < 0.05) increase in the
proxy data by roughly 6 months (Fig. 2d). This is consistent with an
increase in ENSO period in the model ensemble (although this is not
statistically significant, P=0.058). The correlation between the ryyso
and the ENSO period is 0.58 as estimated from the reconstructions
(Fig.3a) and verifies the relationship between consecutive ENSO occur-
rence and ENSO period.

We propose that extended periods of ENSO provide abroad expla-
nation for more frequent multi-year El Nifio as well as multi-year La
Nifa cases, withits root cause inthe changes of upper-ocean structure
(detailed below). This is based onthe classiclinear oscillatory theories
of ENSO, rather than mechanismstied to surface and/or nonlinear pro-
cesses such as the cross-equatorial wind*, North Pacific variability'>*¢,
trade wind anomalies" or teleconnections from other ocean basins®.
Thesetheories are used to explain recent trends in multi-year La Nifia or
EINifio alone and tend to focus on anthropogenicinfluence withinthe
past few decades'" or the near future". We next demonstrate how the
linear framework that encompasses slowly varying insolation forcing
links the mean climate changes and prolonged ENSO periods.

We adopt the conceptual recharge oscillator (RO) model®® (Meth-
ods) toinvestigate the relationship between the climate background,
sensitivity inkey ENSO feedbacks, and ENSO periods. By perturbing one
parameter for aset of sensitivity experiments with RO, we elucidate the
dependence of ENSO period on the thermocline depth (Methods and
Extended Data Fig. 2). The RO sensitivity experiments show a series
of steady-state ENSO conditions: when the zonal mean thermocline
depth begins to decrease artificially in RO until 40% of it is removed
(parameterAchanges from 0to 0.4), the period of ENSO increases from
3.82 years to4.63 years, or prolonged by 21% (Extended Data Table 1).

Thethermocline depth-ENSO period relationship revealed by RO
isinline with the transient Holocene simulations. Three models have
monthly subsurface ocean dataavailable, and they allshow a decreased
vertical temperature gradient in the central and eastern equatorial
Pacific from January to August and, thus, on an annual mean basis
(Fig.4c),implying an overall deeper and/or warmer thermocline during
the mid-Holocene, consistent with a shorter ENSO period and fewer
multi-year ENSO events. Although cooler surface temperature has
been recorded in the easternmost Pacific***°, subsurface temperature
estimates from the western equatorial Pacific*, and eastern Pacific*>*
suggest a warmer and/or deeper thermocline in the mid-Holocene,
in agreement with the mid-Holocene (6 ka) multimodel time-slice
ensemble** and with our transient experiments.

The deepened tropical Pacific thermocline weakens the thermo-
cline feedback, because the wind stress anomalies are less effective
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Fig. 4| Influence of orbital forcing on the upper ocean in the Eastern Pacific.
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(b) and zonal mean subsurface ocean (at -150 m depth) temperature of the
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Eastern Pacific (180-100° W) (c). b shows the ensemble mean of four selected
simulations, and ¢ shows the ensemble mean of three selected simulations
(LOVECLIM data not included due to availability).

inreinforcing the thermocline anomalies that are linked by the mean
upwelling>*. Towards the late Holocene, increased thermocline feed-
back can contribute to more efficient ocean-atmosphere coupling and
reduced ENSO PB’ (Extended Data Fig. 3). The PB for modern ENSO is
present typically during the Northern Hemisphere spring when SST
anomaly (SSTA) sharply weakens. When PB becomes weaker, ENSO
anomalies after the first-year’s peak are more likely to persist and
lead to prolonged ENSO, regardless of EI Nifio or La Nifia. Similarly in
principle, adeeper thermocline and enhanced thermocline feedback
arefoundtobeassociated witha pronounced onset rate of multi-year
La Nifa events following super El Nifio events in the past century®.

Alternatively, stronger ENSO activities may also contribute to
more multi-year ENSO. Multiple earlier studies suggest reduced ENSO
amplitude throughout most of the Holocene compared with the twenti-
eth century”*¢.Inparticular, ENSO activity in the tropical central Pacific
appearsto reachaminimum around 5 kaand gradually increases after
that** (Extended Data Fig. 4). In theory, a stronger ENSO case creates
larger ocean heat content variation lagging the surface temperature
anomalies, and subsequently it can take longer time for an opposite
condition to neutralize the preceding strong anomalies through the
slow recharge-discharge ocean heat content process”. This view is
supported by the weak (P=0.07) correlation of 0.39 between rgyso and
ENSO amplitudein proxies (Fig. 3b and Methods) and selected simula-
tions (Fig.3c), which suggests that the precession-forced intensifying
of ENSO across the Holocene also partly leads to afavourable condition
for more persistent ENSO. Nevertheless, a consensus among proxies
and simulations (Fig. 3¢) indicates that ry is more closely linked to
ENSO period rather than amplitude and underscores the primary role
of ENSO period in driving multi-year ENSO variability.

Orbital forcing of the equatorial Pacific
thermocline

Finally, we investigate how orbital forcing drove the tropical Pacific
thermocline structure changes, and the resultant prolonged ENSO
cycles towards the late Holocene. The forcing mechanism for deeper
and warmer thermocline inthe mid/early Holocene was first explored
in earlier modelling studies****%, By comparing the subsurface sea
temperature, we can identify the warmer temperature anomalies
throughout most of the year in the Tropical Eastern Pacific (Fig. 4c and
Extended Data Fig. 5). This change is in contrast to the SST anomalies
in the tropics which are colder during the first half year but warmer
duringthe second halfyear (Fig. 4b and Extended DataFig. 6). The SST
largely follows the local insolation forcing, but with a phase-lagged
response of 1-2 months (Fig. 4a,b) due to large heat capacity of sea
water. Conversely, the subsurface ocean warming can be explained
by the subduction process. Increased solar radiation in the Southern

Hemisphere late winter/early spring warms the surface water in the
subtropical South Pacific (Fig. 4b). This warm signal then propagates
to the deeper Tropical Eastern Pacific thermocline through subduc-
tion when the local thermocline is the deepest and can be ventilated
into the tropics*’. Eventually, this warmer water reaches the equatorial
thermocline, heating the subsurface and deepening the thermocline
throughout most of the year (Fig. 4c and Extended Data Fig. 5). With
the subsurface warming, the surface cooling®*° further weakens the
vertical gradient. In short, due to the ocean subduction, the preces-
sional forcing in the subtropical South Pacific led to weaker ocean
stratification and deeper thermocline depth in the tropical Pacific
during the early/mid-Holocene epoch.

Using multiple approaches, we demonstrate anincreasing occur-
rence of multi-year ENSO from the early/mid to late Holocene mainly
under the orbital forcing. Thisincreasing trend is robustin asynthesis
of proxy reconstructions. Itis also seen, albeit weaker, across the four
climate models that adequately reproduce multi-year ENSO. This trend,
caused by bothincreasingly frequent multi-year LaNifiaand multi-year
EINifio events, is associated with aprolonged ENSO period. We attrib-
ute the lower frequency of multi-year events during the mid/early
Holocene to aweaker vertical temperature gradientin the central and
eastern equatorial Pacific, due to local surface cooling and subduction
of warmer SST in the subtropical region of the Southern Hemisphere.

ENSO flavour change may interact with different processes of
ENSO excitationand feedbacks' and lead to changes in ENSO duration.
Proxy records from both the central Pacific and the eastern Pacific
suggest that the present-day mix of flavours has occurred since 5 ka
(ref. 24). However, constraining the shifts in the most active region of
ENSO between the central Pacificand the eastern Pacificis challenging
because of the scarcity of reconstructions and model inconsistency
(Extended Data Fig. 7). These uncertainties highlight the need for
further research with high-temporal-resolution datasets covering the
Pacificbasinto solidify our findings. Nonetheless, the reconstructions
within the Nifio 3.4 region are adequate to effectively record the history
of multi-year ENSO (Supplementary Discussion), even if they cannot
distinguish that of its separate flavours.

Historical observations and simulations have already demon-
strated that the probability of multi-year La Nifia and EI Nifio events
has increased in the past decades™ ™. The research here shows that
the frequency of multi-year ENSO events has been trending upwards
for the past 7,000 years, hinting that the recent probability may be
unprecedented since the early/mid Holocene, particularly as the slowly
varying upper-ocean stratification background at orbital timescales
has become more favourable for prolonged ENSO. This implies that
climate models with more realistic CO,-induced ocean response™
can be key for robust projections of ENSO periodicity. The shallower
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tropical Pacific thermocline, in addition to other emerging nonlinear
and/or surface processes under anthropogenic forcings'* (although
not evident at the Holocene timescale; Extended Data Fig. 8), will
probably drive increased prevalence of multi-year ENSO events in the
twenty-first century and will combine with the stronger amplitude of
ENSO***¢to have consequences across the globe. More climate mitiga-
tion efforts are urgently needed to tackle these impacts.
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Methods

Proxy reconstructions

We synthesize the monthly resolved fossil coral oxygen isotope data
from Kiritimati and Fanning Atolls in the equatorial central Pacific
from several previous studies® . The Atolls are located within or
near the Nifio 3.4 region (5° Sto 5° N,170° Wt0120° W, an ENSO-active
region) (Fig. 1e) and collectively have over 1,200 years of coral proxy
data spanning the last ~7,000 years of the Holocene. We use only the
coral slice records longer than 20 years (22 out 38 records selected;
Supplementary Table 1), while the mean (median) length of themis 57.5
(38.5) years. The oxygen isotopic composition of a coral’s carbonate
skeletonis aproxy thatjointly reflects SST and the oxygenisotopic com-
position of seawater, which is linearly related to sea-surface salinity.
Oninterannual timescales, EI Nifio (La Nifia) events bring warmer and
wetter (cooler and drier) conditions to Kiritimati and Fanning, which
collectively yield negative (positive) coral §'®0 anomalies. Previous
work (for example, Cobb et al.”*) demonstrates the high correlation
between modern coral 80 at these sites and the Nifio 3.4 SST index (a
practical ENSO index). Bivalve 80 records from the equatorial eastern
Pacific*, although monthly resolved, are notincluded in our synthesis
owing to the short length of data.

Models and simulations

We analyse the Holocene ENSO evolution in the Holocene transient
simulation intercomparison contributed by eight research groups
worldwide (Supplementary Table 2), which provides an opportunity to
examine the continuous climate variations to orbitallyinduced changes
inmultiple modelrealizations. These simulations (except TRACE; more
information on TRACE is given in Supplementary Table 2) were spun
up from an early/mid Holocene initial condition (range from 10 ka to
6 ka, equilibrium or transient) and continued to run till the present day,
driven primarily by the forcing of seasonal and latitudinal distribution
ofinsolation (forexample, Fig. 4a). Basic monthly climate output from
the simulations, such as surface air temperature, SST are regridded to
1°by 1°for analysis.

The simulated multi-year versus single-year ENSO ratio (rgyso) using
Nifio 3.4 region SSTA (or surface air temperature anomalies used as SSTA
owing to dataavailability) was calculated for each simulation to evalu-
ate the model performance of multi-year ENSO events (Supplementary
Fig.1). We thenusea criterion of rpyso averaged during the last 1 ka, given
I'enso = 0.44 in the fossil coral data of the last 1 ka and 0.42 in Extended
Reconstructed Sea Surface Temperature (ERSST) (1854-2023 CE)°". Four
outof eight models were selected with the best match of ryys for further
analysis and calculating ensemble mean, namely EC-Earth3-LR%, IPSL*,
MPI-ESM**** and LOVECLIML.3 (ref. 56). Other models simulating too
regularand short ENSO cycles and too few multi-year ENSO events were
excluded from the main results. For instance, TRACE (CCSM3 model)
simulation is characterized by notable quasi-biannual ENSO, almost
unable to reproduce any consecutive ENSO (Supplementary Fig. 1a,
TRACE). These selected models can realistically represent observed
SSTA evolution of single-year and multi-year EINifio and La Nifa events
(Supplementary Fig. 2). They also demonstrate the highest capability
in realistically capturing some key ENSO assessment metrics (ENSO
period, ENSO skewness and SST zonal structure)® (Supplementary
Fig.1).

Nevertheless, we notice an overall underestimation of multi-year
ENSO occurrence, but the sources of model biases need furtherinves-
tigation. The common ENSO periodicity biases in climate models
can be model dependent and come from biases in the background
climatology'®”, fromimproper combined ENSO feedback processes'
or, partly, from coarse model resolution?.

Definition of multi-year ENSO
Due to different amplitudes of ENSO simulated by models, we do
not use a fixed threshold of specific Nifio 3.4 SSTA but 0.5 standard

deviation (s.d.)"” which is calculated every 100 years (comparable to
thelength of along coral data, and for more stable results; Supplemen-
tary Discussion). For every 100 years of monthly Nifio 3.4 SSTA, after
applying for arunning mean filter to retrieve interannual variability of
1.5-7 years, and a 3-month smoothing", we first identify the peak ENSO
seasons. For instance, if the ENSO peak is in December (ENSO phase
locking®®), then the ENSO season is from -2 to +2 months (October
(0) to February (1)). Then, if the SST is 0.5 s.d. above/below average
forawhole ENSO season, it is categorized as an El Nifio/La Nifia event.
Multi-year events are identified when the EI Nifio (or LaNifia) criterion
is met for 2 years in a row during the whole ENSO season, in contrast
to neutral conditions or an opposite phase in the second year. Note
that in this way 3-year events are simplified as two 2-year events. The
calculation of multi-year ENSO occurrence for coral 80 anomalies
is similar but using the s.d. of each coral slice depending onits length
(not afixed100-year window) (Fig. 1a,c). It should be pointed out that
the ENSO peak monthin coral data could be highly variable and did not
always occurin December throughout the Holocene (Supplementary
Fig.3). We also tested different thresholds of ENSO (for example, 0.4x
s.d.or 0.6x s.d.) for the coral data, and the results are not affected
(figure not shown).

ENSO-dominant period (spectrum analysis) and amplitude
ENSO periods in proxy reconstructions and model simulations (Nifio
3.4 SSTA) are estimated by spectrum analysis. We first apply arunning
mean filter to exclude the variability longer than 7 years or shorter
than 1.5 years in the time series of 8*0 anomalies and SSTA. The rest
ENSO-band time series are then processed by power spectrum analysis
andacalculationof its s.d.for ENSO amplitude. Due to theirregularity
of ENSO, the power spectra show high values of variability at a broad
interannual band with multiple peaks. Rather than the period associ-
ated with maximum power, we instead use the weighted-averaged
(by power) period within the band of 1.5-7 years to determine the
ENSO-dominant period (as a centroid).

Significance test for the linear trend

We apply the commonly used Mann-Kendall (MK) statistical test™° for
thesignificance test of linear trends in time series of the occurrence of
multi-year ENSO and ENSO periods (Fig. 2, dashed blue lines). The MK
isrank-based and non-parametric and has the advantage that the input
variable does not have to be normally distributed. The null hypothesis
(HO) of the two-tailed MK suggests that there is no change of trend,
while the alternative hypothesis (H1) implies a positive or negative
trend over time. The HO was rejected when the Pvalue fell below 0.05.
The weight of sample data (proportional to length) is considered when
calculating the linear trend of coral slice data and its significance.

The conceptual RO

We use the classic conceptual RO model*® to verify the relationship
between the depth of the mean thermocline in the tropical Pacific
and the period of ENSO. Itis based on coupling SST evolution to ocean
adjustment processes to provide asimplified framework with which to
understand the oceanic and atmosphericrolesin driving variationsin
ENSO cycles. RO does notincorporate multi-year events, butitallows
for changesinthe period of ENSO. We modify the model to give us the
ability to introduce changes in the zonal mean thermocline depth in
the equatorial Pacific. Compared with complex GCMs, this approach
allowed us to explicitly isolate and examine the specific impact of
thermocline depth on ENSO periodicity.

The RO model can be expressed as

dhy

= —rhw - a'bTE
;; (0)]
d—: = RTg + yhy, — ea(hy + bTe).
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These two equations describe the subsurface ocean adjustment
dynamics and the SST dynamics, respectively. In equation (1),
h,, denotes the thermocline depth anomaly in the tropical Western
Pacific, and T; denotes the SST anomaly in the Tropical Central to
Eastern Pacific; r describes the collective damping rate of the upper
ocean through mixing and the equatorial energy loss to the west and
eastboundary layer currents; a and b are coupling coefficients of wind
stress and Sverdrup transport, and wind stress and SST anomalies,
respectively; R is a collective Bjerknes feedback strength, and y is the
thermocline feedback coefficient; the cubic term in the SST
equation introduces nonlinear effects to the coupled system with
e, to quantify its strength.

To study the sensitivity of the oscillation system to zonal mean
equatorial thermocline depth (denoted Aandh = (hy + h)/2), we
update the RO model with variable A (anomaly)*®. Due to the
quasi-balance between the thermocline depth tilt (and, thus, the pres-
sure gradient force) along the Equator and the wind stress over the
equatorialband (7), thereisarelationship hg — hy = T = uTg(refs. 61,62),
inwhich uisthe wind stress coupling coefficient. Also, b = bou, where
b is the high-end estimation of b,. If we introduce a parameter A for
the change in the zonal mean thermocline anomaly and replace
hy by hy, — AR in the SST equation (the second) in equation (1), so the
original nonlinear RO systemis updated as

dhw _ —rhy, — abTg

de @
dr,

G = R=VbouA2)Te + Y1~ Dhy — eqllw + T’

Other coefficients and parameters in this RO with variable ther-
mocline depth are given values according to the original study® as
r=0.25,a=0.125b=2.22,b,=2.5,R=0.667,y=0.75,=8/9and e, = 3.
We then conduct a series of sensitivity experiments focusing on dif-
ferent levels of 1 (Extended Data Fig. 2 and Supplementary Table 1).
Note that, when A equals 1, the Ay, term is removed from the SST
equation, which becomes decoupled fromthe ocean dynamics equa-
tion; when A equals O, the system is not changed. The relationship
between the thermocline depth and ENSO period is still robust,
although slightly weakened, if we introduce a seasonal cycle to A
(Supplementary Table1).

Data availability

The Nifio 3.4 index data (NetCDF files) from all eight simulations are
available via Zenodo at https://doi.org/10.5281/zenod0.14007727
(ref. 63). All fossil coral data and metadata are compiled and archived
by Grothe et al. at the NCDC at https://www.ncdc.noaa.gov/paleo/
study/22415. The ERSST (anomaly) reanalysis is available at https://
iridl.Ideo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST/.version5/.
anom/.The TRACE simulationisavailable at https://www.earthsystem-
grid.org/project/trace.html.

Code availability
The MATLAB code for generating Figs. 1-4 is available via Zenodo at
https://doi.org/10.5281/zenodo.14007727 (ref. 63).
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Extended Data Table 1| Simulated ENSO dominant periods in the RO

r=0.25, a=0.125, b=2.22, b_0=2.5, R=0.667, A Period (years) A *(1+sin(2mt/T)) Period (years)
y=0.75, u=8/9, and e_n=3

0 3.82 0 3.82

0.1 3.93 01 4.01

0.2 4.08 0.2 4.01

0.3 4.29 0.3 4.21

0.4 4.63 0.4 4.48

The simulated ENSO dominant periods in the RO with variable thermocline depth (modulated by A). A larger A means a shallower thermocline depth. The seasonally-varying A can approximate
deeper thermocline particularly during the first half of year in the early/mid Holocene due to orbital forcing (Extended Data Fig. 5). The results show that the deeper thermocline-longer ENSO
period relationship generally exists irrespective of whether A has a seasonal cycle or not.
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Extended Data Fig. 1| Multi-year ENSO cases in proxies. Same as Fig. 2, but for the occurrence (number per 100 years) of (a)-(c) multi-year and (d)-(f) single year
EINino +LaNina, EINinoand La Nina.
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Extended Data Fig. 2| ENSO cycles in two idealised RO simulations. The simulated 7.and H,,in the RO model (the last 30-year of 500-year simulations are shown).
(a) and (b) are for different A values (without seasonal cycle), and the thermocline depth is shallower in (b). Simulated ENSO periodsin (b) are extended.
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Extended Data Fig. 3| ENSO persistence barrier in proxies and selected
simulations. (a) The evolution of ENSO persistence barrier (PB) strength from
proxy reconstructions. The relationship between rgys, 0n x-axis, and PB strength
ony-axis. The blue line shows the linear fit. Blue circles in (b) provides reference
diameters of the circles (proportional to datalength), and the p value in Pearson
correlationisshowninthelegend. (c) The correlation between s, and PB
strengthin proxies and 4 selected simulations over the Holocene. PBis derived
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from the autocorrelation function (ACF) of Nifio 3.4 SST anomalies whichis a
function of initial months t and lag months . Following Jin et al. (2020)%,
foracalendar month ¢, weidentify 7 () as the specific lag of maximum ACF
decline, whichis calculated as the lag gradient in the time step of 1month as
PB(t) = {r[t,TB(t)—l];r[t,TB(t)+1] } - max,{ r[t,r—l];r[t,r+1] } where PB(£)is the
maximum gradient for each month. The intensity of the PB is then estimated
using the sum of monthly PB (t)as PB = Zzl PB(¢).
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Extended DataFig. 4| The reconstructed Holocene evolution of ENSO amplitude. The Holocene evolution of ENSO amplitude from the reconstruction synthesis,
asindicated by the standard deviation of 6'*0 anomalies (subtracting seasonal cycle) from each Central Pacific coral slice longer than 20-years. The blue dashed line is

weighted (by data length) linear fit.
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Extended Data Fig. 7| Simulated ENSO spatial pattern in the Holocene. Hovmoller diagrams of the equatorial Pacific (5° N-5°S) SSTA interannual std in all
8simulations. The Nino 3.4 region (5°N-5°S, 170° W-120° W) is marked by the black line near the bottom of each panel.
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Extended Data Fig. 8| Simulated trend of annual mean temperature change general warming patterns in Holocene simulations show the maximum warming
during thelast 7 ka. The trend of annual mean temperature change during the region varies widely across individual simulations. Particularly, the stronger
last 7 kain all Holocene transient simulations. These long-term changes can be warming in the subtropical northeast Pacific or warm pool region is not evident
compared to the warming spatial pattern over the past century or in the future in selected simulations. These results suggest at the Holocene timescale, the

projections, for example, stronger warming in the western tropical Pacific (Wang key mechanisms for multi-year ENSO enhancement may differ from it under the
etal.”), orin the subtropical northeast Pacific (Geng et al.”; see their Fig. 4a). The recent/future anthropogenic warming conditions.
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Supplementary Discussion: Uncertainties in proxy reconstructions and model simulations

We did analyses to address the uncertainties of linear trend throughout the Holocene in proxy
reconstructions and model ensemble caused by data availability and different window sizes,
respectively. For the intermittent coral slices spanning the Holocene, one important uncertainty
emerges from data scarcity. We therefore tested if one record of data (longer than 20-year) is
missing, the linear trends of renso, ren, rin, and ENSO period are still robust. The results show the
significance in linear trend of renso and rrn, are not affected by any single slice of proxy data,
while the increasing trend of rgv and ENSO period only becomes insignificant in 1 and 4 out of

22 cases (Supplementary Fig. 4 a—d), when the long records over 100 years are removed.

We also tested uncertainties in fossil coral age model uncertainties. This is because modern coral
records can be directly compared and aligned with SST observations, whereas fossil corals are
typically age modeled by assigning peaks and/or troughs in the geochemical data to specific
calendar months based on the modern climatology at the study site. For instance, in Cobb et al.
(2013) the maximum &'80 point for a given year is assigned to January 15th for the linear
interpolation of remaining §'®0 datapoints in between these tie points. This age modeling practice
can potentially introduce some uncertainties in the coral chronologies. Therefore, we have repeated
the analysis of the temporal evolution of single- and multi-year ENSO, while separating young
fossil (after 1ka), and old fossil (before 1ka) clusters. The differences between the two groups are
minimal (Supplementary Fig. 5), implying the age uncertainty may not be critical at least when

identifying multi-year ENSO cases from single year ones and estimating their trends.

On the other hand, by analysing trends in the model ensemble in shorter (50-year and 20-year)
sliding windows (compared to 100-year used in the main text and Fig. 2e—h), we found the results
with 50-year window largely resemble those of the longer windows, but are more noisy
(Supplementary Fig. 6a—d). The p values for the 50-year window linear trend significance tests
become higher due to the larger noise, as 0.19, 0.54, 0.02, and 0.11 in e-h. However, when the
sliding window is further shortened to 20-year, the linear trends turn insignificant, except for rin
(p=0.04). It implies that proxy data with a length exceeding 50 years can provide the statistically

robust analysis for investigating long-term changes of multi-year ENSO cases.
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8 simulations; (b) —(d) and three other metrics (ENSO period, ENSO skewness, SST zonal structure).
In (a) —(c), the red horizonal line represents the values of proxies of the last 1 ka (weighted
average of three fossil coral slices), and red asterisk is for ERSST. In (d), equatorial SST (5N-5S)

of the 1854-2023 (red line) vs. simulated SST of the last 200-year (blue line). ‘Best’ indicates 4

models with the highest performance (lowest RMSE). It can be noted that the four models

selected based on renso also demonstrate the highest capability in realistically capturing at least

two other key aspects of ENSO variability and the climate background.
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Supplementary Figure 2

Same as Fig. 1 but for the composited temporal evolution of single-year and multi-year ENSO
cases during the last 1000-year in four model simulations. The x-axis gap is 3 months.
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(a) —(d) same as the blue dashed lines in Fig. 2(a) —(d). Each dashed line is for an uncertainty test
removing one slice of coral data. The blue dashed lines show significant increasing trends, and
the red dashed lines show insignificant or decreasing trends. The original linear fits are shown in
black thick lines in the back.
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Same as Fig. 1(a),(c) but separated for old (before 1 ka) and young fossil (after 1 ka) corals. The
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solid lines and the shading show the mean and 1 standard deviation (std) of all cases in the
corresponding composites. While modern/young corals can be calibrated using SST, the

chronologies for older corals may introduce age uncertainty. However, the differences between

the two groups are minimal, implying the age uncertainty may not be critical at least when
identifying multi-year ENSO cases from single year ones and estimating their trends.



© ©
£ £
Z 15+ : Z 24 '
© ©
_+| a rENSO j e rENO
o o 15
£ 4 £
=z =z
] (T
L) o
[+)) (2]
£ 05 s i N l‘l\ I Al |
2 = 05 I 11, T il [ I [l I
< =°° T l |
£ S
o " 2 ' '
] 7 6 5 4 3 2 1 0 ] 7 6 5 4 3 2 1 0
o Q r
c £ f
< S 15 EN
o |
[ o
=) o 1
= £
@ 2
g 3
g £ 05 (\X I Il | Hw\l | ‘1
f
o e N ‘ AT O YO LR I
] ]
7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0
251 [
o r
£ C £
s, LN S
© ©
= |
[}
215 o
c f=
£ s
= 1 =
=1 3
£ S
o 05 kel
) ]
7 6 5 4 3 2 1 0
T 36 - £} ”
g . d period $ .4 h period
3.2
w w
— = 37 I
o) [s]
8 3 _'82.8*
5 @
Q28 Q.Z.S“
c c
3 T 2.4
€264 1S } ] ’ . ! .
7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0
Age (ka) Age (ka)

Supplementary Figure 6

(a) —(d) same as Fig. 2(e) —(g), but for 50-year sliding windows. (e) —(h) same as Fig. 2(e) —(g),
but for 20-year sliding windows. The black curves show selected model ensemble mean, and the
gray shading shows model ensemble spread of 1 std.



Archive code Site Record length (years) Reference
mcgregorl3 Christmas 176 McGregor et al. 2013
nbl12 33
spl13 Palmyra 318 Cobb et al. 2003
spll7 68
m2 46
pll 22
p26 53
p34 68
p37 Christmas 25
p381 26
p382 35
p40 47 Cobb et al. 2013
p43 43
v10 81
vil 36
vi3 Fanning 26
v30 41
v33 24
v8 41
X12-D1-4 21
X12-D2-1 Christmas 21 Grothe et al. 2020
X13-FS22-8 25

Supplementary Table 1

The over 20-year-long Central Pacific fossil coral data selected in this study.




Model Covered Model set-up
ocel name period Orbital Greenhouse | Vegetation
Key refs Ice-sheets
(ka) parameters gases cover
TRACE (CCSM3) B . . )
Li ot al. 2009 2014 220 realistic realistic dynamic ICE-5G
EC-Earth3-LR . oy .
Zhang et al. 2021 80 realistic realistic dynamic —
IPSL-CM5 . e : :
Braconnot et al. 2019 60 realistic realistic prescribed | pre-Industrial
MPI-ESM
Dallmeyer et al. 2020; 8-0 realistic realistic dynamic —
Bader et al. 2020
HadCM3-M21d
Hopcroft and Valdes 100 realistic realistic dynamic ICE-6G
2021
LOVECLIM1.3 . - .
Yin et al. 2021 17-0 realistic realistic dynamic present-day
AWI-ESM2 . . :
Shi et al. 2022 60 realistic realistic dynamic —
CESM1 e . :
Kang and Yang 2023 60 realistic realistic dynamic —
Supplementary Table 2

The eight Holocene transient simulations used in this study, and the model set-up.
considered. The four selected simulations are highlighted in orange.
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