o NoopkhwnN

The evolution of El Nifio-Southern Oscillation amplitude asymmetry
since the Last Glacial Maximum

Zhengyao Lu'?, Matthieu Carré®, Chris Brierley*, Anna Schultze?, Peter O. Hopcroft®, Kewei
Lyu?, Debo Zhao®, Minjie Zheng’?, Pascale Braconnot®, Qiuzhen Yin®, Johann H. Jungclaus®®,
Xiaoxu Shi*!, Birgit Schneider'?, Haijun Yang'?, Qiong Zhang

! College of Ocean and Earth Sciences, Xiamen University, Xiamen, China
2 Department of Earth and Environmental Sciences, Lund University, Lund, Sweden

% IPSL/Laboratoire des Sciences du Climat et de I'Environnement (LSCE UMR8212 CEA, CNRS, UVSQ),
Gif sur Yvette, France

* Department of Geography, University College London, London, United Kingdom
® School of Geography, Earth & Environmental Sciences, University of Birmingham, United Kingdom

® Key Laboratory of Ocean Observation and Forecasting, Laboratory of Marine Geology and
Environment, Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China

" Laboratory for Humid Subtropical Ecogeographical Processes of the Ministry of Education, School of
Geographical Sciences, Fujian Normal University, Fuzhou, China

8 Laboratoire des Sciences du Climat et de I'Environnement, LSCE/IPSL, CEA-CNRS-UVSQ, Université
Paris-Saclay, Gif-sur-Yvette, France

® Earth and Climate Research Center, Earth and Life Institute, Université catholique de Louvain,
Louvain-la-Neuve, Belgium

10 Max Planck Institut fiir Meteorologie, Hamburg, Germany

1 Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai, China

12 Christian-Albrechts-Universitat zu Kiel, Kiel, Germany

13 Department of Atmospheric and Oceanic Sciences, Fudan University, Shanghai, China

14 Department of Physical Geography and Bolin Centre for Climate Research, Stockholm University,
Stockholm, Sweden

Corresponding author: Zhengyao Lu (zhengyao.lu@xmu.edu.cn)



mailto:zhengyao.lu@xmu.edu.cn)

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

Abstract

El Nifio-Southern Oscillation (ENSO) amplitude asymmetry—the preferential amplification of El
Nifo relative to La Nifia—is a defining expression of tropical climate nonlinearity and a key
determinant of global hydroclimate extremes. Yet its long-term evolution and stability under
radically different climate states remain poorly constrained. Here we reconstruct ENSO amplitude
asymmetry since the Last Glacial Maximum (~21,000 years ago) using a synthesis of tropical
Pacific sea-surface temperature (SST), SST anomaly (SSTA) and thermocline temperature
skewness derived from fossil corals, mollusk shells and individual foraminifera, combined with
transient coupled climate simulations. We show that ENSO skewness increased progressively
through the Holocene, driven primarily by amplification of El Nifio relative to La Nifia, consistent
with orbitally forced shoaling of the equatorial thermocline. In contrast, millennial-scale
perturbations during Heinrich Stadial 1, the Bglling-Allergd and the Younger Dryas produced
abrupt, non-monotonic skewness changes associated with reorganisations of ENSO spatial
structure linked to Atlantic Meridional Overturning Circulation (AMOC) variability. By
establishing SST skewness as a robust paleoclimate diagnostic of ENSO nonlinearity, our findings
provide a critical long-term perspective on its stability, revealing its sensitivity to mean-state
changes and offering a framework to reduce uncertainty in future ENSO projections.

1. Introduction

ENSO is the Earth’s major mode of interannual climate variability!, fundamentally defined by its
inherent nonlinearity? and the resulting asymmetry in amplitude between its warm (EI Nifio) and
cold (La Nifia) phases®. Extreme El Nifio events routinely achieve magnitudes far greater than the
strongest La Nifa events®, triggering even more disproportionate socio-economic®® and
ecological’ catastrophes. While La Nifia events are typically weaker in amplitude, their impacts
are often exacerbated by a greater potential for long-duration events®®, which can lead to
cumulative damages from prolonged droughts and flooding across the Pacific Rim?°. Beyond these
direct impacts, amplitude asymmetry serves as a critical indicator of climate model realism, as it
is frequently used as an emergent constraint to narrow the uncertainty and spread of future ENSO
projections®:12,

Observations indicate that ENSO amplitude as well as the atmospheric convective nonlinearity (in
the climatologically cold eastern Pacific, convection responds more sensitively to warm than cold
SSTA) asymmetry strengthened during the 20th century®3!*. However, the trajectory of this
asymmetry under greenhouse warming is likely non-monotonic and sensitive to both mean-state
changes and internal variability. Under transient greenhouse warming through the end of the 21st
century, ENSO is projected to be more extreme, potentially accompanied by an intensification of
its asymmetric characteristics™. Intriguingly, recent studies report a substantial weakening of both
ENSO amplitude and its asymmetry post-2100 under persistent, high-emission greenhouse
warming scenarios®®8, This reversal suggests that the nonlinear behavior of ENSO is not a static
feature but one that evolves drastically as the background climate state shifts.

The physical basis of this asymmetry is an intricate interplay of coupled nonlinearities in both the
atmosphere and ocean®*°. The nonlinear atmospheric convective feedback and equatorial zonal
wind stress response to SST forcing are identified as major contributing atmospheric processes?*-
23 This is bolstered by state-dependent stochastic forcing from Westerly Wind Bursts, which are
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more likely to occur as the warm pool expands eastward associated with the warm events?+2°,
Oceanic dynamics shape and amplify these initial atmospheric signals through processes such as
nonlinear temperature advection?”?8, tropical instability waves?®%, thermocline depth-modulated
ENSO feedbacks®%, and subsurface nonlinear dynamical heating®, all of which favor the warm
tail of the distribution®. Because the sensitivity of most suggested mechanisms is intrinsically
linked to the mean climate, investigating their behavior across the radical state changes of the
geological past® is essential for verifying their robustness.

In paleoclimatology, while changes in overall ENSO amplitude have been documented relatively
well across various epochs, e.g.2¢*3, investigations into amplitude asymmetry®’#4 remain notably
limited. This gap is primarily due to a historical lack of high-resolution, continuous proxy data
capable of tracking individual interannual events and the higher-order nonlinearity statistics over
millennial or longer timescales.

To address this, we reconstruct the history of ENSO amplitude asymmetry since the Last Glacial
Maximum (LGM), approximately 21,000 years ago*. We develop a synthesis of diverse varying-
resolution paleoclimate proxies—specifically integrating SST/SST anomaly (SSTA) and
thermocline temperature skewness signatures from fossil coral, mollusk shells and individual
foraminifera preserved in marine sediments located within the tropical central and eastern
Pacific—with a group of transient non-accelerated global climate model simulations collectively
spanning this period. By blending geochemical records with continuous simulations, we reveal
ENSO's asymmetric evolution and identify the mechanisms driving it across different boundary
conditions.

2. Results
2.1 ENSO control of upper ocean temperature skewness in observations

We begin by assessing the extent to which SST and thermocline temperature skewness—a metric
that can be obtained from corals, mollusks, and individual foraminifera proxies—reflects ENSO
asymmetry in the modern climate using the ERSST v5 and ORA5*' reanalysis. Skewness, the
third moment of SSTA distribution, provides a direct statistical measure of ENSO amplitude
asymmetry*® (Methods). Interannual SSTA in the tropical Pacific are approximately Gaussian, and
positively skewed as El Nifio events expand the warm tail of the distribution (Fig. S1a,c). As such,
SSTA skewness has been widely used to characterize ENSO nonlinearity in observations and
models. In this regard, the distribution of SSTA skewness exhibits a pronounced zonal gradient
across the tropical Pacific, with increasingly positive values toward the ENSO action center in the
eastern equatorial Pacific (Fig. 1a). This pattern closely follows the spatial footprint of ENSO
variability, indicating that ENSO dynamics dominate higher-order SST statistics on interannual
timescales. Sensitivity experiments in which ENSO amplitudes during identified events are
artificially scaled by +50% (Methods) further confirm that the SSTA skewness response is
spatially coherent and nearly basin-wide (Fig. 1le,f; Fig. S2a-h, blue lines), demonstrating that
ENSO amplitude overwhelmingly controls the SSTA skewness signal across the tropical Pacific.

The interpretation of SST skewness is less straightforward, as SST variability integrates
interannual anomalies with the seasonal cycle and mean-state variability. Climatologically, SST
skewness nonetheless displays a systematic east-west gradient similar to that of SSTA skewness
(Fig. 1b). Tropical Pacific SST distributions can be approximated as a superposition of a quasi-
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sinusoidal seasonal cycle and a Gaussian interannual component associated with ENSO (Fig.
S1b,d), particularly towards the eastern side of the basin with more pronounced annual cycle of
SST#9%0 (Fig. S1d). The interaction between these components determines the net SST skewness.

Despite this complexity, asymmetric ENSO amplitude perturbations produce a distinct and
physically consistent SST skewness response. The equatorial central Pacific exhibits more positive
(negative) SST & SSTA skewness under enhanced El Nifio (La Nifia) amplitudes (Fig. 1c-f; Fig.
S2a-h, red lines), and less sensitive to the seasonal cycle amplitude (Fig. S2d,h). This sensitivity
extends eastward to the coastal eastern Pacific, and further into the coastal ocean along Central
and South America, delineating a coherent ENSO-driven imprint on the full SST distribution.
Regional diagnostics corroborate these spatial patterns (Fig. S2a-h), and further show that both
SST and SSTA skewness vary monotonically with ENSO amplitude across perturbations ranging
from £10% to £60%, with comparable magnitudes of response for El Nifio and La Nifia.

While the Nifio 1+2 region is more strongly influenced by the seasonal cycle and remote
subtropical variability*®°152 (Fig. 1c,d; Fig. S2e,f vs. a,b), this does not preclude its usefulness for
diagnosing ENSO amplitude asymmetry using SST skewness. Notably, both SST and SSTA
skewness increase monotonically with ENSO amplitude toward the easternmost extent of ENSO’s
influence, supporting the robustness of this metric in that region. Interestingly, thermocline
temperature skewness exhibits an even stronger sensitivity to ENSO amplitude modulation,
particularly in the Nifio 1+2 region, suggesting that it may provide a more robust proxy for ENSO
asymmetry than SST skewness (Fig. S2i-p; Fig. S3).

Together, these results establish that both SSTA and thermocline temperature skewness provide
basin-wide diagnostics of ENSO asymmetry, while SST skewness more robustly reflects ENSO
nonlinearity in the equatorial central Pacific and along the American margins. These regions
therefore constitute optimal targets for reconstructing the long-term evolution of ENSO asymmetry
using SST- and thermocline temperature-based paleoclimate records.

2.2 The evolution of ENSO skewness since the Last Glacial Maximum
2.2.1 Proxy-based reconstructions

Proxy temperature-based reconstructions of ENSO skewness (Methods) remain inherently noisy
(Fig. 2), reflecting both its stochastic nature!® and limitations in sampling resolution, record length
(short segments can be strongly influenced by individual extreme events; Fig. S4), site distribution
(Fig. 1b markers), and other sources of uncertainties (Methods). Nevertheless, when considered
collectively, robust and coherent long-term trends emerge, particularly over the Holocene, across
both the central and eastern equatorial Pacific and across all proxy types analysed.

In the central equatorial Pacific, monthly-resolved fossil corals and an ocean sediment record
consistently indicate a progressive increase in skewness, on the order of 0.07-0.11 per thousand
years (ka) over the last ~10 ka, implying a robust strengthening of ENSO amplitude asymmetry
through the Holocene (Fig. 2a; Fig. S5). A similar signal emerges from the proxy cluster in the
eastern equatorial Pacific, where mollusk shell records and several independent ocean sedimentary
archives also indicate an increasing skewness trend throughout the Holocene (Fig. 2b,c). The
magnitude of the trend is comparable to that inferred for the central Pacific, with estimated
increases of 0.02-0.06 per ka over the last ~10 ka.
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Comparison between the two cluster regions reveals that the Holocene increase in skewness is not
contingent on shifts between Central Pacific (CP) and Eastern Pacific (EP) El Nifio spatial patterns.
Both regions exhibit coherent increases despite their opposite sensitivities to ENSO flavors (Fig.
S6), implying that the evolving asymmetry reflects a basin-wide intensification of ENSO
nonlinearity, rather than a sole redistribution of EI Nifio activity between CP and EP modes®3.

Prior to the Holocene, the deglacial evolution of SST skewness presents a more complex picture.
In the central equatorial Pacific, only three data points are available; these suggest that skewness
during the LGM was comparable to that of the late Holocene, implying substantial ENSO
asymmetry even under glacial boundary conditions (Fig. 2a). In the eastern equatorial Pacific, a
larger suite of sediment records captures pronounced skewness variability (Fig. 2b,c). During the
early deglaciation, skewness remains in a positive state comparable to the late Holocene, then
gradually weakens before exhibiting large millennial-scale fluctuations across Heinrich Stadial 1
(HS1), the Balling-Allered (BA), and the Younger Dryas (YD). Several records show particularly
elevated skewness around the BA, exceeding the late-Holocene values and indicating transient
episodes of enhanced ENSO asymmetry superimposed on the longer-term deglacial trend.

2.2.2 Transient climate model simulations

We compare these reconstructions with transient global climate model simulations spanning the
LGM to the present. During the Holocene, four selected models (out of nine available; Methods)
show a consistent increase in SST and SSTA skewness over the last ~7 ka in both the CP and EP
(in Nifio 3.4 and Nifio 1+2 regions, respectively; Fig. 3a-d), in agreement with the proxy synthesis.
Although the magnitude of SST skewness varies across models (~0.05 per ka in Nifio 3.4 and
(~0.014 per ka Nifio 1+2), the sign and temporal evolution are robust, supporting an orbitally
forced origin for the Holocene trend.

For the deglaciation, only one transient simulation (iTRACE®>*; Methods) is currently available.
This simulation exhibits a distinct evolution (Fig. 3a-d): SST skewness decreases from the LGM
to a minimum at ~16 ka, then increases abruptly to a peak near ~13.5 ka, before declining again
toward another trough at ~12 ka, and then rebounds towards the early Holocene. This transient
pulse is present in both the CP and EP. The latter broadly mirrors the proxy-inferred variability,
with indications of enhanced skewness around the BA interval. The similarity between SSTA and
SST skewness evolution, particularly in the CP, supports a shared ENSO-related control on both
measures.

Overall, the data-model comparison indicates that the large-scale evolution of ENSO skewness
since the LGM is reproducible in transient simulations, lending confidence to both the proxy
interpretation and the underlying physical mechanisms.

2.3 Representation of ENSO amplitude in SST skewness
To understand the reconstructed skewness changes, we examine separately the evolution of El

Nifio and La Nifla amplitudes (Methods) and comparing their relative strength in both proxy
records and transient climate simulations.
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During the Holocene, the increase in SST skewness is primarily driven by an amplification of El
Nifo events. The CP fossil coral records indicate a systematic increase in El Nifio amplitude, while
La Nifla amplitude exhibits no clear long-term trend within proxy uncertainty (Fig. 3f; Fig. S7).
We use the simulated Nifio 3 index to provide a balanced representation of ENSO activity for both
CP and EP events. This asymmetry is broadly reproduced in the multi-model ensemble mean,
which shows a robust intensification of El Nifio alongside a slightly more moderate increase in La
Nifia amplitude (Fig. 3f). Consequently, the El Nifio-to-La Nifia amplitude ratio increases through
the Holocene (Fig. 3e), reflecting progressively more positive SST/SSTA skewness. Accordingly,
the minimum in reconstructed skewness at the early/mid-Holocene corresponds to a state in which
both El Nifio and La Nifia are extensively weakened, and their amplitude ratio approaches equality.
It should be noted that given the inherent nonlinearity of coupled ocean-atmosphere feedbacks that
preferentially amplify warm SSTA over cold SSTA, it is dynamically unlikely, even over the
orbital timescales, that La Nifia systematically exceeds El Nifio in amplitude (Fig. 3f).

Over the deglaciation, direct estimate on phase-dependent ENSO amplitude is limited to iTRACE
simulation (Fig. 3e,f). In the early deglacial interval, both El Nifio and La Nifia amplitudes decline
gradually, with a stronger reduction in El Nifio, which mirrors the late Holocene, leading to a
decrease in skewness. However, during the millennial-scale variability associated with HS1, BA,
and YD, the relationship between amplitude and skewness becomes markedly non-monotonic.
During the BA, ENSO amplitude in both phases weakens while skewness increases sharply,
reaching a maximum over the 20-12 ka interval; this peak is bracketed by preceding and
subsequent declines in skewness during the HS1 and YD, accompanied with strengthened EI Nifio
and La Nifia amplitudes.

This decoupling, particularly during periods of abrupt climate change, reveals that ENSO
skewness is not always positively correlated with the magnitude of its EI Nifio phase, or simply
determined by extreme EI Nifio events. It suggests a shift in the governing mechanisms for ENSO
asymmetry evolution since the LGM, with slow orbital precession forcing exerting coherent
control over the Holocene and early deglaciation. This precessional forcing, varying on ~21,000-
year timescales, is closely tracked by the evolution of ENSO asymmetry; in contrast, millennial-
scale perturbations reorganize nonlinear feedbacks that differentially regulate EI Nifio and La Nifia
growth through other processes (detailed below).

2.4 Forcing mechanisms and dynamical interpretation

Indeed, our results suggest that ENSO asymmetry is governed by distinct mechanisms on these
orbital and millennial timescales. During the Holocene and the early deglaciation, the coherent
evolution of SST skewness and EI Nifio-La Nifia amplitude ratios points to a dominant role for
slow modulation of the tropical Pacific mean state, particularly zonal temperature contrast,
thermocline depth and stratification®, driven by precessional forcing (Fig. 4). Seasonal insolation
changes associated with precession (Fig. 4a) generate weakened zonal SST gradient and a shift
from La Nifia-like to El Nifio-like state across the Holocene®® (Fig. 4e). This process, combined
with weakened Walker circulation, and reinforced by SST anomalies in the extratropical South
Pacific that propagate equatorward and downward®+’, imprinting a precession-scale signal on the
equatorial thermocline. In the tropical central and western Pacific, both proxy®®%° and model
simulations (Fig. 4f) indicate a progressively shallower thermocline toward the late Holocene and
during the early deglaciation towards the LGM. The oceanic wave response to wind stress depends
strongly on background stratification, and hence such shoaling of thermocline changes can
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enhance the sensitivity of equatorial Rossby waves to wind stress curl preferentially amplify El
Nifio relative to La Nifia, leading to systematic amplitude asymmetry®®®!, This mechanism
provides a physically consistent explanation for the monotonic increase in skewness driven
primarily by EI Nifio amplification over the precessional timescale.

During the early deglaciation, the evolution of ENSO skewness remains consistent with the orbital-
scale mechanism identified for the Holocene. Here, iTRACE shows a gradual weakening of both
El Nifio and La Nifia amplitudes, with a stronger reduction in El Nifio, leading to reduced skewness
(Fig. 3e,f). This behavior is consistent with slow precessional modulation of the tropical Pacific
mean state and thermocline structure (Fig. 4a,e,f).

In contrast, the pronounced millennial-scale pulses in skewness during the HS1, BA and YD reflect
a distinct mechanism linked to meltwater-forced AMOC variability. Freshwater discharge into the
North Atlantic during HS1 leads to a substantially weakened AMOC (Fig. 4b). ENSO amplitude
and diversity response to AMOC strength has been widely reported in previous studies®-% (Fig.
4d). In iTRACE, this background state is associated with an eastward displacement of both CP and
EP El Nifio centers (Fig. S8), resulting in a zonal shift in the distributions of SST and SSTA
skewness (Fig. S9). In particular, the closer distance between the center of CP and EP EI Nifio due
to their zonal propagation (Fig. 4f, black line) suggests weakened ENSO diversity and
nonlinearity*1%%* and thus reduced ENSO asymmetry (Fig. 4c). This is consistent with the El
Nifo to La Nifia amplitude ratio decrease (Fig. 3e) associated with reduced skewness, even though
ENSO variance increases during HS1 and YD (Fig. 4d), with strengthened El Nifio and La Nifia
amplitudes (Fig. 3f). Conversely, during the BA, AMOC recovery and overshoot reverse these
patterns, as indicated by a westward shift of CP and EP El Nifio centers and longer distance
between the two centers (Fig. 4f; Fig. S8), and thus stronger ENSO diversity and nonlinearity,
accompanied by weakened ENSO amplitude (Fig. 4d) but an increased El Nifio to La Nifia
amplitude ratio (Fig. 3e), resulting in peak skewness in Nifio 3 (Fig. 4c). Alternatively, abrupt H1
and YD cooling can suppress tropical convections, as deep convection thresholds become more
difficult to reach in the eastern Pacific, and the development of strong eastern Pacific El Nifio
events is inhibited™, reducing SST skewness despite an overall increase in ENSO variability.
Beyond these AMOC-driven dynamics, the massive retreat and melt of continental ice sheets
during the deglaciation and into the early Holocene may have exerted forcing that enhanced ENSO
activity®>% and influenced ENSO asymmetry. Yet, this intensification was likely counterbalanced
by the concomitant rise in atmospheric CO2, which simultaneously drives a weakening of
ENSO®® thereby resulting in a muted net signal.

Together, these results indicate that ENSO skewness during the deglaciation reflects a
superposition of slow orbital modulation of background asymmetry and rapid, event-driven
reorganisation of El Nifio spatial structure during meltwater perturbations. The consistent behavior
across proxy records and model simulations supports this dual control and underscores the
sensitivity of ENSO asymmetry to both gradual mean-state evolution and abrupt circulation
changes.

3. Summary and discussion
Our synthesis demonstrates that the tropical Pacific SST skewness provides a dynamically robust

measure of ENSO asymmetry since the LGM, and it reflects how nonlinear amplification of El
Nifo relative to La Nifia interacts with the evolving tropical Pacific mean state. On orbital
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timescales, ENSO asymmetry increases coherently through the Holocene in both proxy
reconstructions and transient simulations. This trend is primarily driven by progressive
strengthening of El Nifio amplitude relative to La Nifia. The consistency across central and eastern
Pacific records indicates basin-wide modulation rather than a redistribution between ENSO flavors.
The mechanism is consistent with precession-driven adjustment of equatorial thermocline depth
and stratification, which alters the efficiency of wind-driven oceanic wave feedbacks and
preferentially enhances El Nifio growth. ENSO skewness thus emerges as a slow, thermocline-
mediated response to orbital forcing. The persistence of substantial skewness during the LGM
comparable to the late Holocene conditions further indicates that strong ENSO asymmetry is a
resilient feature of the coupled system in the tropical Pacific under boundary conditions very
different from today. In contrast, millennial-scale skewness variability during HS1, BA and YD
reflects a rapid reorganisation of ENSO spatial structure associated with meltwater-driven
perturbations of AMOC. During these events, skewness exhibits transient pulses that are
decoupled from overall ENSO variance. Transient simulations indicate systematic east-west shifts
of CP and EP EI Nifio centers, producing distinct skewness responses across the basin. ENSO
asymmetry on millennial timescales therefore reflects changes in spatial pattern and diversity,
rather than uniform amplitude scaling.

The future evolution of ENSO amplitude asymmetry underscores the complexity of global climate
projections. Potential shifts in the frequency and character of ENSO extremes by the end of the
twenty-first century carry profound global implications, as they shape the intensity of hydroclimate
teleconnections and the magnitude of associated hazards. The SST and thermocline temperature
skewness framework developed here offers a powerful new lens through which existing
temperature-based reconstructions can be re-examined, with an explicit focus on ENSO amplitude
asymmetry in the geological past—particularly during warmer climate states that may serve as
analogues for future conditions, such as the Pliocene®®°. Expanding coordinated long-duration
transient GCM experiments across model ensembles for such constraints would therefore provide
a critical pathway to help reduce systematic model biases of ENSO variability and strengthen
confidence in projections of future extremes, ensuring that adaptation planning and early-warning
strategies are grounded in a more complete understanding of Earth’s nonlinear climate dynamics.
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Methods

1. Statistical estimation of SST/SSTA skewness via Kernel Density Resampling

To characterize ENSO amplitude asymmetry, we utilise statistical skewness*® for monthly
SST/SSTA and thermocline sea temperature (anomaly) data. Skewness provides a normalised
measure that accounts for the entire anomaly distribution regardless of variance. The skewness of
distribution is defined as

where  is the mean of x, o is the standard deviation of x, and E(t) represents the expected value
of the quantity t.

To address the inherent noise in calculating skewness from limited sample sizes, we employ a non-
parametric Kernel Density Estimation (KDE) and resampling framework. This approach models
the underlying probability density function (PDF) of the limited samples as a continuous
distribution. From this estimated smooth distribution, we generated a synthetic N = 1,000,000 data
points used for approximating its skewness than direct computation from sparse original data
points. Hence, this kernel-based resampling mitigates the influence of limited sample size and
individual extremes (Fig. S1).

2. Sensitivity of SST/SSTA and thermocline temperature skewness to ENSO amplitude

To assess how SST and SSTA skewness respond to changes in ENSO amplitude, we first identified
El Nifio and La Nifia events in ERSST v5 reanalysis*® of 1854-2025 (the procedure is described
below in El Nifio and La Nifia amplitude metrics). For each event, the associated SST & SSTA
pattern was extracted. A series of perturbed anomaly fields were then constructed by scaling
identified ENSO SSTA values by +£10%, +20%, ..., up to £60%. For each scaling factor, the
perturbed SSTA values were used directly to compute SSTA skewness (Fig. S2a-c & e-g, blue
line). Then, the perturbed SSTA values were added back to the climatological seasonal cycle to
reconstruct perturbed full SST fields for skewness (Fig. S2a-c & e-g, red line). This test clearly
shows the monotonic relationship between ENSO amplitude and both SST and SSTA skewness in
the tropical Pacific. In contrast, seasonal cycle amplitude perturbations exert a weaker influence
on skewness (Fig. S2d,h), implying that this seasonal signal—often mixed with interannual SST
variability across different background states in paleo ENSO records and simulations (e.g.’%)—
does not introduce major biases into skewness interpretations.

Similarly, to evaluate the applicability of thermocline-based proxies for ENSO asymmetry
reconstruction, we conducted equivalent sensitivity tests using thermocline temperature and
thermocline temperature anomalies in ORADS reanalysis*’ of 1958-2025 (~50m depth for Nifio 1+2
region, ~100m depth for Nifio 3.4 region). The results are given in Fig. S2i-j and Fig. S3. These
tests show that thermocline temperature skewness exhibits a similarly monotonic response to
ENSO amplitude changes, thereby verifying the robustness of subsurface proxy records for
reconstructing ENSO asymmetry.
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3. Proxy synthesis

To capture the SST/SSTA and thermocline temperature skewness to represent statistical
distribution of ENSO amplitude asymmetry across different climate states, we synthesised
varying-resolution paleoclimate records from three distinct archives: fossil corals, marine
mollusks, and individual foraminifera (Supplementary Table 1). These proxies provide the sub-
annual resolution necessary to resolve interannual extremes and calculate higher-order moments
such as asymmetry and variance.

Central Pacific Fossil Coral Records

We synthesised fossil coral monthly resolved oxygen isotope 580 data collected from Kiritimati
and Fanning Atolls®*®"*73 a region within Nifio 3.4 and ideal to record ENSO activity. In total the
synthesis covers ~1200 years out of the last ~7 ka. Coral §'80 values reflect a combination of SST
and the isotopic composition of seawater, the latter of which is linearly related to sea-surface
salinity (SSS). During EI Nifio (La Nifia) events, this region experiences warmer and wetter (cooler
and drier) conditions, resulting in negative (positive) coral §'¥0 anomalies.

Eastern Pacific Mollusk Records

We integrated monthly resolved SST reconstructions derived from fossil Mesodesma donacium
mollusk shells from coastal Peru®’. M. donacium is a fast-growing aragonitic bivalve with a 1-4
years lifespan that faithfully records environmental conditions at approximately monthly
resolution through its growth increments. Because coastal Peru is characterised by extremely arid
conditions and minimal river discharge, §'80sw variations are negligible, allowing shell 80 to
act as a nearly pure temperature proxy. SST values were reconstructed using the aragonite
paleotemperature equation from Grossman and Ku (1986)"*. By aggregating random samples of
shells from dated archaeological mounds, we reconstructed the frequency distribution of SST for
centennial intervals, providing estimates of past amplitude asymmetry®’.

Individual Foraminiferal Analysis (IFA) of marine sediments

To extend the record to the LGM, we utilised Individual Foraminiferal Analysis (IFA) data from
marine sediment cores in the eastern and central equatorial Pacific*®42°6.75-77  Planktonic
foraminifera, such as Globigerinoides ruber (surface-dwelling) and Neogloboquadrina dutertrei
(thermocline-dwelling), have lifespans of approximately 2-4 weeks. While traditional "bulk"
analysis pools a group of shells to estimate mean conditions, IFA measures the geochemistry of
individual shells, each representing a monthly “snapshot" of the ocean state. We used reconstructed
past SST or thermocline temperature skewness distributions from either %0 or
Magnesium/Calcium (Mg/Ca) ratios from individual records. The Mg/Ca ratio in foraminiferal
calcite is exponentially related to the calcification temperature’®. On the other hand, EI Nifio events
typically bring both warmer temperatures and increased precipitation to the Central/Eastern Pacific,
both of which drive 5'80 of foraminiferal calcite toward more negative values (e.g. ). By
analyzing the distribution of these snapshots within a single sediment layer (representing centuries
to millennia of accumulation), we identified shifts in the skewness of the temperature distribution,
allowing for the detection of changes in ENSO amplitude asymmetry across different background
states.

4. Global climate model (GCM) transient simulations and model selection
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For the Holocene epoch, we analyse transient simulations from the Holocene intercomparison
project, contributed by nine research groups worldwide (Supplementary Table 2). Except for
TRACE, these simulations were initialised from early- to mid-Holocene boundary conditions
(ranging from ~10 to 6 ka; either equilibrium or transient states) and integrated forward to the
preindustrial (P1) or present day. The primary external forcing is the evolving seasonal and
latitudinal distribution of insolation associated with orbital precession and obliquity®®° (e.g., Fig.
4e,)).

For the deglaciation, we analyse the isotope-enabled Transient Climate Evolution experiment
(iTRACE)> to investigate the mechanisms driving deglacial climate change during 20-11 Ka.
iITRACE considers a combination of external forcings including evolving ice sheets, greenhouse
gas concentrations, orbital insolation, and meltwater fluxes. It is conducted with the isotope-
enabled Community Earth System Model, iCESM1.3.

Monthly mean climate variables, including SST and surface air temperature (SAT), are extracted
from each simulation. All outputs are regridded to a common 1° x 1° horizontal resolution prior
to analysis.

Because our analysis focuses on ENSO skewness and amplitude asymmetry, we evaluate model
performance based on their ability to reproduce the observed spatial structure of tropical Pacific
SSTA skewness (Fig. S10 & S11). For each simulation, SST anomalies are calculated relative to
the model’s own climatology, and skewness is computed gridcellwise over the tropical Pacific
(20°S-20°N) using the final 100 years of each transient run to approximate near-modern conditions
(for iTRACE, the 400-yr data of a pre-Industrial iCESM simulation®!). The modeled skewness
pattern is compared with that derived from ~100 years of observational SST data from the
Extended Reconstructed Sea Surface Temperature (ERSST) by a spatial correlation. We select
four models®?8 (out of nine; Supplementary Table 2) that exhibit the highest spatial correlations
with ERSST, thereby ensuring that subsequent analyses are based on simulations that most
realistically reproduce the observed distribution of ENSO asymmetry.

5. Quantifying uncertainty in skewness estimates due to sample size, seasonal bias, and depth
habitat

To assess the sensitivity of skewness estimates to sample size, we conducted a subsampling
experiment using a synthetic “truth” distribution representative of ENSO skewness derived from
ERSST v5 reanalysis. From the full monthly dataset (1854-2025; 2064 total months), we
repeatedly drew random subsamples with sizes comparable to those of proxy records (e.g., 30 and
60 samples, Fig. S3). Skewness was calculated for each subsample, and the spread (standard
deviation; shown as errorbars in Fig. 2) across 10,000 repeated realisations was used to quantify
uncertainty arising from limited sample size.

In addition to sampling uncertainty, we evaluated the potential influence of seasonal and depth-
related biases on foraminifera-based skewness estimates using temperature fields from the
Holocene transient simulations. Seasonal biases may arise because planktonic foraminifera
preferentially record conditions during specific times of the year®®’ while depth-related biases
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reflect the fact that different species calcify at varying depths (see “Proxy synthesis” in Methods),
potentially integrating signals from both surface and subsurface waters.

To test these effects, we calculated skewness under a range of idealised sampling conditions,
including seasonally restricted surface temperature (T) and subsurface temperature (Tsub) fields
(Fig. S12 & S13; Note in Fig. S13 only EC-Earth results due to data availability). The results
indicate that the reconstructed evolution of skewness is robust to these factors: an increasing trend
in SST skewness across the Holocene is evident even when sampling is limited to specific seasons,
and similar behavior is obtained when using subsurface temperatures alone.

Importantly, in the tropical eastern Pacific, subsurface planktonic foraminifera can track ENSO-
induced wind forcing and large-scale thermal gradients more effectively than surface species (Fig.
S2 a-h vs. i-p), as sea surface temperatures (SST) are inherently confounded by localised dynamic
and thermodynamic factors.

Together, these sensitivity tests suggest that neither seasonal nor depth-related biases
fundamentally alter the inferred ENSO asymmetry signal at orbital timescales, supporting the use
of mixed surface- and subsurface-dwelling foraminiferal records to reconstruct skewness.

6. EI Nifio and La Nifia amplitude metrics

El Nifio and La Nifa events were identified from monthly SST anomalies in the Nifio 3 region
(5°S-5°N, 170°W-120°W) following standard criteria: an event is initiated when the three-month
running mean SSTA exceeds +0.5 °C for El Nifio or falls below -0.5 °C for La Nifia and persists
for at least five overlapping months. For each identified event, the amplitude of EI Nifio or La Nifia
was defined as the average SSTA over all active months (i.e., months meeting event criteria).
These amplitudes were aggregated across events within a given temporal bin (e.g., 100-year model
window or time interval of 1 coral slice, within which the mean seasonal cycle and SSTA were
calculated) to compute ensemble mean amplitudes for each phase, enabling comparison between
phases and across time.

7. ldentification of CP vs EP El Nifo

We distinguished between CP and EP EI Nifio types in iTRACE and ERAS reanalysis using the
Empirical Orthogonal Function (EOF) decomposition and rotation method proposed by Takahashi
et al.88. The first two principal modes PC1 and PC2 were derived from the eigendecomposition of
the temporal covariance matrix of monthly SSTA. To isolate the geographically distinct warming

centers, the PCs were rotated by 45° to produce the E (Eastern) index and C (Central) index:
E = PC1—PC, C= PC1+PC,

V2 V2
The spatial centers of action for each flavor are identified through grid-wise linear regression. We
regress the original SSTA field onto the standardised E and C indices. The resulting regression
coefficients represent the spatial patterns of the two modes (Fig. S8a,b). EP and CP EIl Nifio events
can be identified using a 0.5°C threshold for 3-month running mean E and C indices for five
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536  consecutive months and is classified as EP (CP) El Nifio if the E index exceeds C index (C index
537  exceeds E index) during the peak phase.
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Figure 4 | Mechanistic drivers of evolving ENSO amplitude asymmetry. a, Evolution of
Holocene seasonal orbital forcing at 60°N, JJA denoting precession signal (grey line) and melt
water forcing in iTRACE (black). b, Comparison of simulated (blue) AMOC strength®® with
reconstructions (black)®. ¢, Simulated Nino 3 SST skewness during the deglaciation (iTRACE)
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(black line). f, Simulated upper-ocean stratification (equivalent to thermocline depth) dzT for the
tropical Eastern Pacific from iTRACE and EC-Earth (due to data availability) (blue lines), and the
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of action in iTRACE (black line).
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Supplementary Figure 1 | Probability density functions of ERSST V5. a, b, Probability density
functions (PDFs) of Nifio 3.4 region sea surface temperature anomalies (SSTA, a) and SST (b)
derived from the ERSST v5 dataset (1854-2025). ¢, d, Corresponding PDFs for the Nifio 1+2
region (SSTA, c; SST, d). In all panels, the solid red line indicates the non-parametric Kernel
Density Estimate (KDE) used to calculate the skewness, providing a continuous fit to the discrete
reanalysis data.
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Supplementary Figure 2 | Sensitivity of skewness to isolated ENSO and seasonal cycle
amplitude perturbations. a-h, Response of SSTA skewness (blue) and SST skewness (red) to
idealised amplitude perturbations. a—c, e—g, Effects of systematically increasing or decreasing the
amplitude (x10% to +60%) of isolated EI Nifio events (a, €), isolated La Nifia events (b, f), and
both phases simultaneously (c, g). d, h, Impact of scaling the amplitude of the climatological
seasonal cycle (+10% to +60%) on the total SST skewness while maintaining constant anomaly
variance. ENSO events are identified by Nifio 3 SSTA (Methods). i—-p, same as a—h, but for
thermocline temperature (red) and thermocline temperature anomalies (blue). The depth at which
the thermocline temperature is used is ~100m in Nifio 3.4 and ~50m in Nifio 1+2.
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Supplementary Figure 3 | Spatial patterns and sensitivity of tropical Pacific thermocline aea
temperature skewness at~50m depth. Same as Fig. 1, but using subsurface sea temperature at
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Supplementary Figure 4 | Uncertainty quantification of skewness estimates relative to
sample size. Estimates of sampling uncertainty for Nifio 3.4 SST skewness. The "truth" (red
vertical dashed line) is defined by the full 2,064-month ERSST V5 reanalysis (1854-2025). Blue
bars represent the PDF of skewness values derived from 10,000 iterations of random subsampling
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estimate in Fig. 2. The spread of the distribution illustrates the statistical noise inherent in short-
duration discrete proxy records.
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Supplementary Figure 5 | Evolution of Central Pacific fossil coral 60 (%) and 60
anomaly skewness and their relationship. a, Time series of Central Pacific (CP) fossil coral 5180
(%o0) skewness (sign-inverted for consistency with SST) over the last 7 ka, also shown as red
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¢, Linear regression showing the relationship between coral 580 (%o) skewness and coral 50
(%o0) anomaly skewness across the Holocene.
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Supplementary Figure 6 | Influence of ENSO flavor on basin-wide skewness distribution. a,
Identification of Eastern Pacific (EP) El Nifio, Central Pacific (CP) El Nifio, and La Nifia events
in the ERSST v5 reanalysis based on the Takahashi et al. (2011) E and C indices (Methods). b, c,
Spatial maps showing the change in (b) absolute SST skewness and (c) SSTA skewness when EP
El Nifio months and CP EI Nifio months are selectively excluded (no “EP El Nifio” — no “CP El
Nifio” conditions), isolating the relative contribution of each "flavor" to the spatial pattern of
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Supplementary Figure 7 | ENSO asymmetry and amplitude evolution during the Holocene
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Supplementary Figure 8 | Spatial characteristics of ENSO flavors in transient iTRACE
simulation. a,b, Spatial patterns of EP and CP EIl Nifio events within the iTRACE transient
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Supplementary Figure 10 | Comparison of ENSO asymmetry (in SST and SSTA skewness)
across Holocene transient simulations. Inter-model comparison of Nifio 1+2 and Nifio 3.4 SST
and SSTA skewness across all 9 available Holocene transient simulations. From left to right: Nifio
1+2 SST skewness, Nifio 3.4 SST skewness, Nifio 1+2 SSTA skewness, and Nifio 3.4 SSTA
skewness. Orange highlights indicate the four model runs selected for the main ensemble (Fig. 3)
based on their performance on simulated SSTA skewness spatial patterns (see Supplementary
Figure 11).
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Supplementary Figure 11 | Evaluation of simulated vs. observed SSTA skewness spatial
structure for model selection. (Left and mid columns) Spatial patterns of SSTA skewness over
the last 100 years across all Holocene transient simulations compared to the ERSST v5 reanalysis
(1854-2024), and all individual model patterns as well as the ensemble mean derived from the
four best-performing models (Holocene: AWI-ESM, EC-Earth, IPSL, MPI-ESM; deglacial:
ITRACE/ICESM). (Right column) Bars represent the spatial correlation coefficients between each
model and the reanalysis, validating the ensemble's ability to represent the modern tropical Pacific
variance asymmetry structure, and a threshold of 0.3 is chosen to select 4 out of 9 Holocene
simulations.
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Supplementary Figure 12 | Uncertainty quantification of skewness estimates relative to
foraminifera seasonal concentration. Comparison of Nifio 1+2 ENSO amplitude ratio and Nifio
3.4 SST skewness using all 12 months, and only 1 specific season (JJA, DJF, SON, MAM) in
Holocene ensemble transient simulations.
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Supplementary Figure 13 | Uncertainty quantification of skewness estimates relative to
foraminifera depth habitat. Comparison of (left column) Nifio 3.4 and (right column) Nifio 1+2
SST (Om) and subsurface temperature (Tsub, at ~50m and ~150m depth) skewness in EC-Earth
Holocene transient simulation.
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154
155

Location .
Study Cores (Cluster) Species Proxy
Thirumalai et al. 2024 | ML1208-21MC/20BB | 1°N, 157°W (CP) | Globigerinoides ruber 5180
MV1014-02-17JC & | 0°S, 86°W & 1°S, Neogloboquadrina
Glaubke etal. 2024 |\ ri/1014-02-09MC 85°W (CP) dutertrei Mg/Ca
Grothe et al. 2020; o
Cobb et al. 2013; 2003; - 12 5201;] (1 C%) Fossil corals 31%0
McGregor et al. 2013
Rustic et al. 2020; ML1208-17PC & 0N, 156°W & Globzgel'fznm‘des‘ ruber
White ef al. 2018 ML1208-14MC1 & 0°S, 156°W (CP) Globigerinoides Mg/Ca
) ML1208-14MC/12GC ’ sacculifer
Ford et al. 2015 ODP Site 849 0°N, 111°W (EP) | Trilobatus sacculifer Mg/Ca
. 15-18°S, 104- : 18
Carré et al. 2014 — 109°W (EP) Mesodesma donacium 5°0
Sadekov et al. 2013 CD38-17P 1°8, 90ew (p) | Neogloboquadrina | Mg/Ca &
dutertrei 6°0
Koutavazs 08152Joan1des V21-30 1°S, 90°W (EP) | Globigerinoides ruber 3'%0
Leduc et al. 2009 MDO02-2529 80N, g4ow (Ep) | Neogloboquadrina §'%0
dutertrei

156
157

Supplementary Table 1
Proxy datasets used in this study.

(132

means not applicable.
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158

159

160
161

162

163

164
165
166
167
168
169
170
171
172
173
174
175
176
177
178

Model Covered Model set-up
oKe name period Orbital Greenhouse | Vegetation
ey refs Ice-sheets
(ka) parameters gases cover
TRACE (CCSM3) it ioti i -
Liu et al. 2000: 2014 22-0 realistic realistic dynamic ICE-5G
EC-Earth3-LR - g -
Zhang et al, 2021 8-0 realistic realistic dynamic —
IPSL-CM5 - - . .
Braconnot et al. 2019 6-0 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 10-0 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 6-0 realistic realistic dynamic —
CESM1 - - .
Kang and Yang 2023 6-0 realistic realistic dynamic -
KCM _— - .
Segschneider et al. 2018 9.5-0 realistic realistic dynamic —

Supplementary Table 2

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

G »

means not
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