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ENSO skewness hysteresis and associated changes in strong El
Niño under a CO2 removal scenario
Chao Liu 1, Soon-Il An 1,2,3✉, Fei-Fei Jin 4, Malte F. Stuecker 5, Wenjun Zhang 6,7, Jong-Seong Kug 3,8, Xinyi Yuan 9,10,
Jongsoo Shin3, Aoyun Xue3, Xin Geng 3,6,7 and Soong-Ki Kim 1

El Niño-Southern Oscillation (ENSO) sea surface temperature (SST) anomaly skewness encapsulates the nonlinear processes of
strong ENSO events and affects future climate projections. Yet, its response to CO2 forcing remains not well understood. Here, we
find ENSO skewness hysteresis in a large ensemble CO2 removal simulation. The positive SST skewness in the central-to-eastern
tropical Pacific gradually weakens (most pronounced near the dateline) in response to increasing CO2, but weakens even further
once CO2 is ramped down. Further analyses reveal that hysteresis of the Intertropical Convergence Zone migration leads to more
active and farther eastward-located strong eastern Pacific El Niño events, thus decreasing central Pacific ENSO skewness by
reducing the amplitude of the central Pacific positive SST anomalies and increasing the scaling effect of the eastern Pacific
skewness denominator, i.e., ENSO intensity, respectively. The reduction of eastern Pacific El Niño maximum intensity, which is
constrained by the SST zonal gradient of the projected background El Niño-like warming pattern, also contributes to a reduction of
eastern Pacific SST skewness around the CO2 peak phase. This study highlights the divergent responses of different strong El Niño
regimes in response to climate change.
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INTRODUCTION
El Niño-Southern Oscillation (ENSO) is an air-sea coupled
phenomenon occurring in the equatorial Pacific with pronounced
climatic impacts around the globe1–3. It has two opposing phases
(i.e., El Niño and La Niña), which are not simple mirror images and
exhibit striking asymmetries in their dynamics, climate impacts,
and predictability4–7. One of the most remarkable nonlinear
characteristics of ENSO is its amplitude asymmetry (hereafter
referred to as ENSO asymmetry for convenience), which describes
the fact that sea surface temperature (SST) anomalies during
strong El Niño episodes are more intense and farther east than
during La Niña episodes. Consequently, the ENSO cycle has non-
zero accumulation effects, influencing low-frequency variability as
well as future projections of global climate8–11.
The ENSO asymmetry largely arises from nonlinear physical

processes of strong-to-extreme ENSO events. For instance, early
studies suggested that positive surface layer nonlinear dynamical
heating (NDH) during extreme El Niño events is crucial for ENSO
asymmetry12,13. The detailed roles of horizontal and vertical NDH
components, however, were found to be sensitive to reanalysis
products14. Others argued that strong positive NDH residing in the
subsurface ocean owing to a disrupted equatorial undercurrent
under extreme El Niño conditions also contributes to ENSO
asymmetry by inhibiting the subsequent La Niña development in
the eastern Pacific15. Aside from nonlinear ocean dynamics,
asymmetric atmosphere-ocean coupling processes are also
important16–18. Zonal wind stress anomalies are more intense

and farther east during the El Niño phase than during the La Niña
phase, resulting in asymmetric SST growth rates by affecting the
amplitude of the positive dynamic feedback19,20. In particular, the
eastward shift of atmospheric convection can push El Niño to a
larger amplitude through anomalous zonal advection of western
Pacific warm water21. Also, the eastward expansion of the Pacific
warm pool under extreme El Niño conditions markedly reduces
meridional SST gradients in the eastern Pacific, moves the
Intertropical Convergence Zone (ITCZ) equatorward22, and causes
a huge nonlinearity in the atmospheric feedback23 not observed
in moderate El Niño cases. Such asymmetry and nonlinearity in
the air-sea coupling are primarily attributed to the inherent
nonlinear dependence of deep convection on SST24. Furthermore,
nonlinear interactions between ENSO and high-frequency varia-
bility, such as state-dependent westerly wind bursts in the tropical
western Pacific, oceanic instability waves in the tropical eastern
Pacific, and sub-mesoscale oceanic eddies, as well as biophysical
processes, all contribute to ENSO asymmetry25–30.
Despite remarkable progress in understanding ENSO nonlinear

processes, most state-of-the-art climate models are still struggling
to simulate ENSO asymmetry realistically11,31,32. This poor perfor-
mance is possibly related to common model biases of the tropical
Pacific mean state, such as an excessive westward extension of the
cold tongue and stronger mean trade winds compared to
observations, which tend to weaken the atmosphere-ocean
interactions and hampers the occurrence of strong convective El
Niño events31–37. Reliable future projections of ENSO character-
istics in a changing climate, particularly strong ENSO events with
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devastating socioeconomic consequences and ENSO asymmetry
thereof, are thus largely capped by these model deficiencies38–40.
For example, one study showed that the intensification of upper
ocean stratification in response to global warming enhances the
ocean-atmosphere coupling, leading to increased SST variability
and stronger El Niño events in the eastern Pacific41. However, an
opposing viewpoint suggested that a stiffer thermocline sup-
presses nonlinear ocean responses to wind perturbations, which
dampens strong El Niño events and thereby weakens ENSO
asymmetry42. Ham43 also provided multi-model ensemble evi-
dence for a weakened ENSO asymmetry in response to global
warming but mainly emphasized the role of altered SST-
precipitation sensitivity. These results suggest that future changes
in ENSO asymmetry and their possible causes are not fully
understood yet44.
Aside from investigating projected changes under different

future warming scenarios, there has also been a growing interest
in exploring climatic responses to possible mitigation actions, like
CO2 removal45–50. This CO2 removal scenario not only provides
useful information on mitigation but also an altered perspective to
unravel the details of potential ENSO asymmetry changes in
response to global warming. It has been suggested that major
climate elements, such as the Atlantic Meridional Overturning
Circulation and the Intertropical Convergence Zone (ITCZ), exhibit
prominent hysteresis responses when CO2 is reduced51,52. While
those background state changes could theoretically affect ENSO
properties, the response of ENSO asymmetry to such a CO2

perturbation has not been investigated. For our investigation, we
conducted large ensemble simulations using a climate model with
authentic representations of ENSO nonlinear features and an
idealized specified CO2 ramp-up and ramp-down pathway.

Through comparisons between different CO2 stages (i.e., ramp-
up and ramp-down), we aim to deepen the current understanding
of ENSO characteristics changes and their underlying physical
processes relating to tropical Pacific background states in the
context of climate change, particularly for strong-to-extreme ENSO
regimes.

RESULTS
Hysteresis of equatorial SST skewness
Following previous studies4,11,53, we used the statistical metric of
skewness (Methods) to quantify the ENSO asymmetry. In the
present-day (PD) control simulation (Methods), the tropical Pacific
SST skewness shows a zonal dipole structure (Fig. 1) resembling
the satellite era observations (Supplementary Fig. 1), albeit with an
underestimated magnitude in the eastern Pacific and an overall
slightly westward-extended pattern, suggesting a generally
realistic representation of ENSO’s nonlinear characteristics by this
generation of the model release54–56. To investigate how the
ENSO asymmetry responds to CO2 forcing changes, we calculated
the skewness of monthly SST anomalies over a 31-year moving
window, subsequently averaged over all 28 ensemble members,
and expressed the results relative to the PD simulation (Fig. 1).
During the ramp-up period of CO2 concentrations (i.e., years
2001–2140), we observe moderate changes in SST skewness, with
positive and negative skewness located to the west and east of
160°E, respectively. These changes counteract the mean state of
skewness in the PD simulation and indicate an overall reduction of
equatorial Pacific SST asymmetry. As CO2 concentrations approach
their peak phase (i.e., 1468 p.p.m.v.), the forced negative skewness
responses over the central-to-eastern Pacific become significant at
the 95% confidence level, consistent with one previous finding of
a weakened ENSO SST asymmetry under global warming43.
Interestingly, the skewness changes are even more pronounced

during the ramp-down period (i.e., years 2141–2280), suggesting a
possibility of hysteresis in ENSO asymmetry. Specifically, the
negative skewness change in the central Pacific (location of the
near-zero skewness in the PD simulation) reaches a minimum
value of about −0.6 around the year 2180, before gradually
recovering over the next centuries. In contrast to the largely
uncertain response during the ramp-up period, the negative
change during the ramp-down period is significantly distinguish-
able from zero at the 95% confidence level. Such a persistent
change cannot be explained by thermodynamic processes alone,
as evidenced by its distinct time scale compared to the thermal
inertia-induced hysteresis changes in the tropical Pacific back-
ground SST, which closely follows the CO2 forcing trajectory
during the ramp-up period and lags slightly behind the CO2

forcing by ~10 years during the ramp-down period (Fig. 1). The
skewness decrease in the eastern Pacific (90–145°W) is compara-
tively weaker, but still significant at the 95% confidence level, with
apparent signals mostly concentrated in the first half of the ramp-
down period (i.e., years 2141–2210, ramp-down-I). The skewness
change in the western Pacific also peaks during the ramp-down-I
period and shows a similar temporal evolution to that in the
central Pacific, albeit with a reversed sign and a much narrower
zonal extent of only ~10° longitude. These regionally dependent
responses of ENSO asymmetry suggest different underlying
physical mechanisms. When the CO2 concentration was further
restored to its PD level (i.e., years 2281–2500; 367 p.p.m.v.), the
skewness changes slowly converge to zero toward the end of the
simulation, showing a reversible response on timescales of a few
centuries, but beyond human perceptible timescales.

Skewness decomposition and ENSO asymmetry
The SST skewness in the tropical Pacific represents the asymmetry
part between El Niño and La Niña phases. Therefore, we presented

Fig. 1 Hysteresis of SST skewness. Ensemble-averaged SST
anomaly skewness (unitless) in the equatorial (5°S–5°N) Pacific
(Hovmöller plot, shading) and equatorial central Pacific (right plot,
blue line) relative to the present-day control simulation (bottom
map insert, shading, and contours). Non-stippled areas in the
Hovmöller plot denote the skewness changes exceeding the 95%
confidence level. The black and red solid lines in the right plot
represent the CO2 concentration and ensemble-averaged tropical
Pacific SST (TP SST, 120°E–80°W, 20°S–20°N) change, respectively.
The superimposed colored shadings represent two inter-member
standard deviations spread of related physical quantities. Vertical
dashed lines in the Hovmöller plots indicate the eastern (90°–145°W)
and central Pacific (160°E–145°W) regions, respectively. Horizontal
dashed lines indicate different stages of CO2 forcing. The Δ symbol
indicates the ensemble-average change relative to the control
simulation ensemble average.
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the evolving SST patterns for both El Niño and La Niña phases, as
well as their changes relative to the PD simulation, to elucidate
their respective contributions to the skewness changes (Fig. 2a, b).
Here, ENSO patterns were derived by separately regressing SST
anomalies onto the positive and negative phases of the central-to-
eastern equatorial Pacific (90°−180°W, 5°S-5°N) SST index that
mainly encompasses the ENSO’s action center (Methods). As such,
both El Niño SST and La Niña SST have positive signs with positive
changes representing intensification and negative changes
representing a reduction. Compared to the ramp-up period, the
El Niño SST anomaly becomes stronger (~0.5 °C) and more
eastward during the ramp-down period, exhibiting a clear
hysteresis feature (Fig. 2a). In particular, the accompanied
eastward shift of the El Niño SST western edge greatly reduces
the central Pacific SST magnitude.
La Niña SST changes are roughly similar to those of El Niño but

with a smaller amplitude (~0.15 °C) and a westward zonal shift of
its centroid by about 25° longitude (Fig. 2b). Specifically, the La
Niña SST in the eastern Pacific becomes significantly stronger at
the 95% confidence level around the middle of the ramp-down

period, coinciding with a simultaneous increase in eastern Pacific
El Niño intensity. A similar eastward shift of La Niña’s western edge
also occurs during the ramp-down phase, leading to negative
changes in western Pacific SST that are not observed during the
ramp-up period. Intriguingly, the La Niña SST changes in the
central Pacific are generally symmetric with regard to the CO2

forcing and thus show a weak hysteresis feature. Here, the
asymmetric response of El Niño and La Niña SST to CO2 forcing
may arise from their inherent asymmetric air-sea coupling
dynamics. In particular, El Niño-related precipitation anomalies in
the central-eastern Pacific continuously intensify and move
eastward until the middle of the ramp-down phase (the year
2210), inducing similar hysteresis changes in zonal surface wind
stress anomalies (Supplementary Fig. 2a) and thus further favoring
positive SST anomaly increases during the ramp-down period. In
contrast, La Niña-related atmospheric responses are mainly
confined to the central-to-western Pacific, with weaker magnitude
and less hysteresis feature (Supplementary Fig. 2b), less effective
for La Niña SST growth when CO2 is reduced. The overall weak La
Niña SST changes imply a dominant role of the El Niño phase in

Fig. 2 ENSO SST asymmetric changes and skewness decomposition. a–c Ensemble-averaged Hovmöller diagrams of equatorial (5°S–5°N)
Pacific SST anomalies (contours, unit: °C) regressed onto standardized central-to-eastern Pacific (90°–180°W, 5°S–5°N) ENSO SST index and their
changes relative to the control simulation (shading, unit: °C) under the (a) El Niño phase, (b) La Niña phase, and (c) El Niño-La Niña difference.
d Ensemble-averaged Hovmöller diagrams of equatorial (5°S–5°N) Pacific reconstructed skewness changes, (e) contributions by the third-
moment changes (m3), and (f) second-moment changes (m2). Vertical dashed lines in each Hovmöller plot indicate the eastern (90°–145°W)
and central Pacific (160°E–145°W) regions, respectively. Horizontal dashed lines indicate different stages of CO2 forcing. The Δ symbol
indicates the ensemble-average change relative to the control simulation ensemble average. Non-stippled areas in each plot denote
corresponding physical quantity changes exceeding the 95% confidence level.
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the central-to-eastern Pacific ENSO SST asymmetry changes, as is
evidenced by their similar evolution patterns (Fig. 2a,c). In
particular, the hysteresis of the central Pacific skewness decrease
(Fig. 1) is primarily due to a more compact horizontal structure of
El Niño SST during the ramp-down period (Fig. 2a). However, the
skewness changes in the eastern Pacific (Fig. 1) cannot be readily
explained by linear SST differences (Fig. 2c) and involve other
factors as will be shown below.
By definition, the skewness is a normalized metric with the third

statistical moment (m3) scaled by the standard deviation cubed.
Thus, the temporal variations of skewness may be implicitly driven
by ENSO variance changes. Considering this, we introduced a
linear decomposition approach (“Methods” section) to separate
the contributions of them3 and the second statistical moment (i.e.,
variance, m2). As shown, the skewness changes can be largely
reconstructed despite slight shifts in the pattern center (Figs. 1
and 2d), possibly due to the nonlinear nature of the skewness
metric and/or an imperfect independent relationship between m3

and m2. The contribution of the m3 changes (Fig. 2e) physically
represents changes in SST amplitude difference between El Niño
and La Niña phases (Fig. 2c), as evidenced by their similar pattern.
In particular, the hysteresis feature of central Pacific negative
skewness changes (Fig. 1) is predominantly contributed by El
Niño-related m3 changes (Fig. 2e and Supplementary Fig. 3a),
consistent with a key role of the El Niño pattern eastward
displacement (Fig. 2a) as discussed before.
However, the negative skewness in the eastern Pacific

responses is more complicated, involving contributions from
changes in both the m2 and m3 (Fig. 2e, f). During the ramp-down-
I period (i.e., years 2141–2210), a negative contribution from m3

(Fig. 2e) suggests that the local skewness changes are partly
contributed by ENSO amplitude asymmetry. Further separation
reveals joint contributions from both ENSO phases (Supplemen-
tary Fig. 3). In particular, the El Niño-induced negative m3 changes
(Supplementary Fig. 3a) contribute to the skewness change in the
first 2–3 decades after the CO2 peak, while the La Niña-induced
negative m3 changes (Supplementary Fig. 3b) are more important
around the middle of the ramp-down period (the year 2210). Since
m3 is particularly sensitive to extreme values, the different peak
timing of m3 contributions between the two ENSO phases implies
distinct changes in extreme ENSO events. To test this hypothesis,
we further examined changes in the probability density function
(PDF) of the eastern Pacific SST anomalies (Fig. 3a). It shows that

the SST anomaly PDF generally exhibits a flattening response to
CO2 forcing, with the probability of SST anomalies around neutral
states decreasing while the probability of those on both sides
increases, suggesting increased ENSO SST variability in the eastern
Pacific. Interestingly, around the CO2 peak phase on the El Niño
side, the SST anomaly PDF shows significantly negative changes
between 2.5–5.0 °C (Fig. 3a), which extrudes the overall increasing
tendency of the warm SST anomaly probability and indicates an
opposite decreasing behavior of the extreme El Niño occurrence.
Similar divergent responses are not found for the La Niña phase.
The La Niña-related probability increases consistently for negative
SST anomalies of different intensities and reaches a maximum
around the year 2210. Accordingly, the maximum intensity of the
eastern Pacific SST anomalies, another indicator of ENSO
amplitude asymmetry4,12, decreases by about 0.6 °C for the El
Niño phase shortly after the CO2 peak (Fig. 3b) while is slightly
enhanced by ~−0.3 °C for the La Niña phase (Fig. 3c) around the
middle of the ramp-down period. The divergent and temporal
dislocation of extreme El Niño and extreme La Niña responses
explain the contribution of ENSO amplitude asymmetry to eastern
Pacific negative skewness changes during the ramp-down-I period
(Fig. 2e), which cannot be readily understood by asymmetric SST
differences from a linear perspective (Fig. 2c).
During the ramp-down-II period (years 2211–2280), the

relatively weak eastern Pacific skewness decrease (Fig. 1) is a
residual result stemming from cancellations between the
enhanced eastern Pacific ENSO amplitude asymmetry (i.e., positive
m3 contribution; Fig. 2c, e) and a negative scaling effect from
locally enhanced SST variability (i.e., negative m2 contribution;
Fig. 2f). Owing to the increased strong El Niño variability and the
recovery of El Niño’s maximum intensity (Fig. 3a, b), the
contribution of m3 reverses its negative sign to positive after the
year 2210 (Fig. 2e), implying an increased absolute ENSO SST
amplitude asymmetry compared to the PD simulation. In contrast,
stronger ENSO variability naturally has a negative scaling effect
(Fig. 2f) by increasing the denominator of the skewness metric.
The disproportionate changes in m3 and m2 can be physically
interpreted as a higher frequency of regular strong ENSO cycles,
which increases the overall ENSO variability but reduces the
proportion of extreme El Niño events that elevates skewness
values accordingly. Here, the modestly increased La Niña intensity
as part of the stronger ENSO cycle mainly results from enhanced El
Niño-induced ocean discharge processes, as evidenced by the

Fig. 3 Changes in eastern Pacific SST probability density function (PDF) and ENSO maximum intensity. a Ensemble-averaged PDF changes
(shading, unit: %) of eastern Pacific (90°–145°W, 5°S–5°N) SST anomalies relative to the present-day control simulation. Time evolution of
November-December-January (NDJ) averaged SST maximum intensity in (b) the El Niño phase and (c) the La Niña phase. The vertical dashed
line in each plot indicates SST anomalies with zero value while horizontal dashed lines indicate different stages of CO2 forcing. The Δ symbol
indicates the ensemble-average change relative to the control simulation ensemble average. Non-stippled areas in (a) denote SST PDF
changes exceeding the 95% confidence level.
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stronger interannual alignment of warm-to-cold ENSO events and
the associated more pronounced shoaling of the equatorial Pacific
zonal mean thermocline in the transition phase (Supplementary
Fig. 4), and its role in skewness reduction has been implicitly
accounted for by increasing the m2 (Fig. 2f) and limiting the m3

changes (Fig. 2e and Supplementary Fig. 3b), respectively. We also
note that although the ensemble-averaged maximum El Niño
intensity recovers quickly, it is still lower than in the PD control
simulation during the ramp-down-II period (Fig. 3b). This places a
limit on the potential increase in the extreme El Niño magnitude
despite the concurrent increase in El Niño activity, further
highlighting the scaling effects of the intensified ENSO cycle.
Similar statistical scaling effects also occur in the eastern Pacific

during the ramp-up and ramp-down-I period, as well as in the
western Pacific region (Fig. 2f). In other words, ENSO SST skewness
and its future changes, depending on the entire shape of the SST
anomaly PDF, are influenced not only by changes in the linear
asymmetry of SST intensity between ENSO phases (i.e., in the
central Pacific) but also by the relative frequency of ENSO events
with different intensities, particularly extreme cases (i.e., in the
eastern Pacific). Considering the western Pacific skewness change
involves a more complex nature with several small-scale features
in both the m2 and m3 contributions (Fig. 2e, f), we will primarily
focus on the ENSO core region of the central-to-eastern equatorial
Pacific in our subsequent analysis.

Changes in air-sea coupling processes and feedback strength
From a linear perspective, both the central Pacific El Niño SST
decrease and the eastern Pacific El Niño SST increase are largely
related to an intensification and eastward shift of El Niño’s action
center (Fig. 2a and Supplementary Fig. 2a), despite their

contrasting roles in local negative skewness changes. In this
section, we analyzed the detailed feedback processes relative to
the PD control simulation (Supplementary Fig. 5) to understand
linear SST changes and skewness hysteresis using an ocean
mixed-layer heat budget analysis (“Methods” section). The physical
mechanisms associated with extreme El Niño changes are
discussed in the next section. As shown, the feedback terms
show larger changes and more pronounced hysteresis features in
the El Niño phase than in the La Niña phase, with the former
dominating their difference (Fig. 4), possibly due to their
asymmetric sensitivity of atmospheric responses (Supplementary
Fig. 2) as discussed earlier. Here, we note that the feedback
changes are consistent with our previous analysis of ENSO SST,
both defined in an asymmetric regression framework (“Methods”
section) and thus different from the usual composite analysis in
sign.
In the central Pacific, the changes in the El Niño ocean

dynamical damping (DD; Fig. 4b and Supplementary Fig. 5b) and
nonlinear dynamical heating (NDH; Fig. 4e and Supplementary Fig.
5e) terms play a dominant role in decreasing the local SST
anomalies during the ramp-down period and contribute most to
the SST asymmetry changes in the western and eastern regions,
respectively (Fig. 4n, q). Both feedback changes dominated by
their zonal component (Supplementary Fig. 6a–e) reflect a zonal
eastward shift of their counterparts in the PD simulation
(Supplementary Fig. 5b,e), mainly through the interactive coupling
with a simultaneous eastward shift of the El Niño SST center
(Fig. 2a). More specifically, the eastward retreat of the El Niño SST
western edge causes an increase in the anomalous zonal SST
gradient near 160°W and a decrease near 160°E, creating a zonal
dipole change of central Pacific SST zonal gradient (Supplemen-
tary Fig. 7a). These SST anomaly zonal gradient changes can work

Fig. 4 Asymmetric changes in ENSO feedback strengths. a–f Hovmöller diagrams of changes in ensemble-averaged equatorial (5°S–5°N)
Pacific regressed feedback strengths (unit: °C year−1) on the simultaneous positive phase (El Niño) of normalized monthly ENSO SST anomaly
index (180°−90°W, 5°S-5°N) using a 31-year moving window. g–l as a–f, but for the negative phase (La Niña) of the normalized ENSO SST
anomaly index. m–r show differences between the El Niño and La Niña phases. Qnet, DD, TH, ADV, NDH, and GR represent surface net heat
flux, dynamical damping, thermocline feedback, advective feedback, nonlinear dynamical heating, and net growth rate of SST anomalies,
respectively. Detailed formula expressions for each feedback symbol and calculation procedures are available in the Methods section. Vertical
dashed lines denote the eastern and central Pacific while horizontal dashed lines indicate different stages of CO2 forcing. The Δ symbol
indicates the ensemble-average change relative to the control simulation ensemble average. Non-stippled areas in each plot denote feedback
changes exceeding the 95% confidence level.
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with the background ocean zonal current changes (Supplemen-
tary Fig. 7e) to produce a similar structural change in the DD
feedback (Fig. 4b) and nonlinearly interact with El Niño zonal
current changes (Supplementary Fig. 7c) to generate a central
Pacific nonlinear dynamical cooling (Fig. 4e). Meanwhile, the
reduction of the central Pacific El Niño SST weakens the local
thermal damping feedback (Qnet; Supplementary Fig. 5a), with a
positive change (Fig. 4a) dominated by the shortwave component
(Supplementary Fig. 6f–i), which in turn counteracts the local SST
decrease. Changes in thermocline feedback (TH) and advective
feedback (ADV) are comparatively small and thus less important in
the central Pacific (Fig. 4c, d and Supplementary Fig. 5c, d). The
combined effects of these competing feedbacks reduce the net
growth rate (GR) of the central Pacific SST anomalies (Fig. 4f and
Supplementary Fig. 5f), reducing the El Niño SST magnitude and
contributing to the local negative skewness changes.
In the eastern Pacific, during the ramp-down period, the

increased SST activity is mainly attributed to the enhanced TH
feedback and ADV feedback (Fig. 4c, d and Supplementary
Fig. 5c, d), which are two leading positive feedbacks of ENSO
events57. In particular, the El Niño center continuously intensifies
and moves eastward until about the middle of the ramp-down
period (i.e., the year 2210), showing pronounced hysteresis
behavior (Fig. 2a and Supplementary Fig. 2a). The anomalous
zonal surface wind stress responses also strengthen and shift
eastward (Supplementary Figs. 2a and 7b), leading to stronger
thermocline responses in the eastern Pacific and driving larger
eastward zonal surface current anomalies (Supplementary Fig. 7c,
d) by increasing the zonal mean momentum flux input and
enhancing the coupling sensitivities between zonal wind stress
and the eastern Pacific thermocline depth as well as the
associated zonal current58. These changes favor the above two
positive feedbacks and local SST anomaly growth. Meanwhile, as
El Niño eastern Pacific SST becomes stronger during the ramp-
down period, the local damping effect of Qnet (Supplementary Fig.
5a) also becomes enhanced, with a negative change (Fig. 4a)
dominated by latent heat flux and shortwave radiation (Supple-
mentary Fig. 6f–i). The change in NDH (Fig. 4e and Supplementary
Fig. 5e) plays a slightly damping role in the western part of the
eastern Pacific (~145°W), while the changes in the DD term (Fig.
4b and Supplementary Fig. 5b) are overall negligible in the eastern
Pacific. All these changes in feedback strength produce a positive
net GR of the eastern Pacific SST anomalies (Fig. 4f), which
increases the magnitude of the concurrent El Niño SST and further
leads to a stronger subsequent La Niña in the eastern Pacific with
excessive ocean discharge processes as discussed before. The
resulting higher ENSO variability reduces the skewness via the
statistical scaling effect.
La Niña changes also have non-negligible contributions to the

decrease in eastern Pacific skewness. However, its changes almost
passively follow the increased El Niño activity in the eastern Pacific
and exhibit much weaker changes in feedback strength. During
the ramp-down-II period, the moderate increase in the eastern
Pacific La Niña intensity is consistent with a simultaneous increase
in net SST growth rate (Fig. 4l and Supplementary Fig. 5l), as
dominated by the enhanced thermocline feedback (Fig. 4i and
Supplementary Fig. 5i) owing to the El Niño-induced excessive
discharge of equatorial oceanic heat content (Supplementary Fig.
4). Changes in the advective feedback and nonlinear feedback
also play some positive roles but are of secondary importance
(Fig. 4j, k and Supplementary Fig. 5j, k). Similar results became
more apparent by casting feedback into the ENSO’s seasonal
evolution cycle (Supplementary Fig. 8). The critical role of the
thermocline feedback in the ENSO phase transition and sub-
sequent La Niña growth is consistent with Jin’s recharge oscillator
theory59,60 and observational diagnostic results20. Considering
that La Niña shows an increased probability of negative SST
anomalies with different intensity levels during ramp-down-II

(Fig. 3a), the linear feedback changes can also help explain the
slightly increased eastern Pacific La Niña maximum intensity (Fig.
3c). We also noted the following interesting phenomenon:
Although the central Pacific La Niña SST has a minor influence
on the local skewness decrease with almost symmetrical increases
with respect to the CO2 forcing pathway (Fig. 2b), the local net
growth rate changes of the SST are almost insignificant at the 95%
confidence level, and even decrease around the CO2 peak phase
(Fig. 4l), mainly due to the enhanced damping effect changes
contributed by the cloud-shortwave feedback (Supplementary Fig.
9). In this case, the slightly increased La Niña intensity may be
solely due to a reduced baseline level of warm SST anomalies from
the precedent El Niño phase61, as the La Niña typically follows El
Niño.

Effects of ITCZ hysteresis and El Niño-like background
warming
The hysteresis of equatorial air-sea coupled processes and their
reflection in individual feedback strength changes are influenced by
tropical Pacific background climate state change. First, the changes
in El Niño feedbacks and related state variables over the central-to-
eastern equatorial Pacific region, such as SST (Fig. 2a), precipitation
(Supplementary Fig. 2a), surface zonal current anomalies (Supple-
mentary Fig. 7c), and thermocline depth anomalies (Supplementary
Fig. 7d), all reach a peak around the middle of the ramp-down
period (i.e., 2210). Such a long time lag compared to the CO2 peak
phase (~70 years) cannot be solely attributed to the thermal inertia
of the equatorial ocean. For example, an El Niño-like background
SST warming in the equatorial eastern Pacific has been proposed to
thermodynamically enhance the ENSO atmospheric responses and
the resulting air-sea coupling strength62,63 by increasing the
availability of the background moisture through the Clausius-
Clapeyron constraint relation64. However, it peaks only around the
year 2160 (Fig. 5d) and is not consistent with the observed long-time
lag of ENSO coupling changes.
Interestingly, we noted that the meridional position of the

tropical Pacific ITCZ (Fig. 5a) shares a similar hysteresis timescale
with the equatorial air-sea coupling strength, suggesting their
potential physical linkages. Compared to the ramp-up period, the
ITCZ moves closer to the equator accompanied by a more
eastward extension of the South Pacific Convergence Zone during
the ramp-down period (Fig. 5b, c). A related study suggests that
the ITCZ hysteresis is primarily driven by an interhemispheric
energy imbalance52 due to the slow recovery of the Atlantic
Meridional Overturning Circulation51 and the larger heat capacity
of the Southern Ocean65. Based on our previous results58, such a
near-symmetric structure of tropical Pacific background rainfall
with respect to the equator can facilitate the development of off-
equatorial atmospheric disturbances during the early stage of El
Niño, which in turn favors the occurrence of El Niño, intensifies the
equatorial air-sea coupling strength, and displaces the coupling
center eastward. Since our focus in this study is on projected
changes in ENSO skewness, we refer the reader to the above
studies for the details on ITCZ hysteresis and the physical links
between ITCZ and El Niño variability.
It is worth noting that the negative change in eastern Pacific

skewness during the ramp-down-I period (i.e., years 2141–2210) is
due to the large reduction in extreme El Niño events (Fig. 3a and
Supplementary Fig. 3a), which cannot be explained by coupling
strength changes from a linear perspective. Early studies
suggested that the maximum potential intensity of El Niño is
physically constrained by zonal SST differences between the warm
pool and the cold tongue4,12. Recent studies also provide similar
evidence based on future climate change scenario experiments of
Earth system models39,40,66. The general underlying mechanism is
that the cold tongue SST cannot exceed the radiative-convective
equilibrium temperature of the climatological warm pool, even
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when the warm pool expands far to the east and occupies the
climatological cold tongue under extreme El Niño conditions. In
our study, owing to the thermal inertia of the tropical ocean, the
response of the El Niño-like background state reaches a maximum
of about 2–3 decades after the CO2 peak (Fig. 5d–f). Correspond-
ingly, the zonal contrast of the equatorial Pacific SST mean state
becomes more diminished during the ramp-down-I period than in
other periods (Fig. 5d–f). This strongly reduces the upper limit and
occurrence probability of extreme El Niño events and thus
contributes to the simultaneous SST skewness decrease in the
eastern Pacific.
The above results also indicate that the long hysteresis

timescale of the ENSO SST asymmetry, or ENSO properties in a
general sense, is largely determined by the time lag of the tropical
Pacific climate background state to CO2 removal, which is further
suggested to be proportional to the peak CO2 concentration49. In
our experimental design, the CO2 forcing has a long ramp-up
period of 140 years and a high peak level (i.e., 1468 p.p.m.v.),
which may exaggerate the timescale of ENSO SST asymmetry
hysteresis. Therefore, we could in reality experience a shorter time
lag of ENSO statistics hysteresis as long as CO2 declines from a
lower peak, for example, under the mitigation target set by the
Paris Agreement. Given the high relevance of this issue for
mitigation policy, more studies with different CO2 pathways are

needed to gain a deeper understanding and accurate assessment
of benefits and costs.

DISCUSSIONS
In this study, we investigated the projected ENSO skewness
changes and possible causes using an idealized CO2 removal
ensemble simulation with the CESM1.2 model. It was found that
ENSO skewness change exhibits a pronounced hysteresis under
this CO2 pathway. An initially moderate reduction in ENSO
skewness during the ramp-up period over the central-to-eastern
equatorial Pacific becomes much more pronounced as CO2 begins
to decline after its peak level (i.e., 1468 p.p.m.v.). The central Pacific
experiences the most pronounced hysteretic response, primarily
due to an eastward displacement of the El Niño SST anomaly
center and the resulting changes in ENSO linear amplitude
asymmetry during the ramp-down period. The comparatively
moderate changes over the eastern Pacific are due to two
competing factors. First, during the first half of the ramp-down
period, the El Niño maximum intensity declines sharply in
response to strong El Niño-like changes in the background state,
thus contributing to the decrease in skewness. Second, due to a
nearly symmetric interhemispheric ITCZ structure around the
middle of the ramp-down period, the overall ENSO SST variability
in the eastern Pacific increases, and the resulting statistical scaling

Fig. 5 Changes in tropical Pacific background states. a Time evolution of ensemble-averaged tropical Pacific (120°E-80°W, 20°S-20°N)
precipitation centroid (unit: degrees latitude). The blue shading represents two inter-member standard deviations spread. Ensemble-averaged
precipitation (unit: mm day−1, red contours) and corresponding changes relative to the control simulation (shading) during the (b) ramp-up
period and the (c) ramp-down period. Gray contours represent long-term mean precipitation in the control simulation. d Time evolutions of
ensemble-averaged SST indices (unit: °C) in the warm pool (130–160°E, 5°S-5°N; red line), cold tongue (90–120°W, 5°S-5°N; blue line), and their
differences (shading). Ensemble-averaged SST relative to the control simulation (shading) during the (e) first half of the ramp-down period
(ramp-down-I), and the (f) second half of the ramp-down period (ramp-down-II). Gray contours represent long-term mean SST in the control
simulation. Non-stippled areas in each map denote related physical quantity changes exceeding the 95% confidence level.
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effect compensates for the ENSO amplitude asymmetry changes,
leading to a weak skewness decrease. Here, the so-called statistical
scaling effect of ENSO variability is a physical consequence of
more strong warm-to-cold ENSO cycles and a resulting reduction
in extreme El Niño events.
In addition to the physical processes in the ocean surface mixed

layer, we here also examined subsurface factors such as subsur-
face NDH (Supplementary Fig. 10) and equatorial ocean stratifica-
tion (Supplementary Fig. 11) to investigate their possible role.
Consistent with previous finding15, there is a positive subsurface
NDH signal beneath the central Pacific surface layer (100–200m)
during the El Niño phase in the PD simulation, which is dominated
by its zonal component related to the weakened equatorial
undercurrent (Supplementary Fig. 10a–d). The subsurface NDH
signal favoring positive skewness in the eastern Pacific weakens
around the CO2 peak phase (Supplementary Fig. 10e, f), coinciding
with a reduction in extreme El Niño events (Fig. 3a). In this context,
the subsurface NDH can be considered as a possible reason for the
reduced skewness during the quiescent period of extreme El Niño
activity. Following an increase in ENSO variability around the
middle of the ramp-down period, the subsurface NDH also
increases along with its positive contribution to skewness
(Supplementary Fig. 10e, f), but this is largely offset by the scaling
effects of changes in ENSO variability (Fig. 2f). In contrast, in the
presence of the El Niño-like background state changes, upper
ocean stratification increases in both the central and eastern
Pacific (Supplementary Fig. 11). The maximum stratification
change coincides with a reduction in extreme El Niño events
and may therefore explain the concomitant decrease in eastern
Pacific skewness42. However, such an increase in stratification may
also enhance the oceanic response to wind forcing and contribute
to the overall increase in ENSO variability in other periods41.
Therefore, the effect of monotonic changes in ocean stratification
on non-monotonic changes in ENSO properties, if any, should be
nonlinear, which may involve either a threshold for its reversal role
or divergent mechanisms that depend on specific ENSO regimes.
The detailed dynamics of extreme El Niño changes in response to
greenhouse warming and their potential link to upper ocean
stratification in this simulation will be investigated in our future
studies.

METHODS
Model configuration, experimental design, and datasets
In our study, we utilized the fully coupled Community Earth
System Model version 1.2 (CESM1.2)67 to explore forced responses
of ENSO skewness to CO2 forcing. This model is composed of the
atmosphere (Community Atmospheric Model version 5, CAM5),
ocean (Parallel Ocean Program version 2, POP2), sea-ice (Commu-
nity Ice Code version 4, CICE4), and land models (Community Land
Model version 4, CLM4). The atmospheric and land components
are configured with about 1° horizontal resolution and 30 vertical
hybrid layers. The ocean model has 60 vertical levels, with a
longitudinal resolution of 1° and a latitudinal resolution of ~0.33°
near the equator that gradually increases to 0.5° near the poles.
We designed and conducted two experiments, that is, a

present-day (PD) reference experiment and a perturbation
experiment with a specified CO2 ramp-up and ramp-down
pathway. The PD experiment is integrated for 900 years with a
fixed CO2 concentration level (1×CO2, 367 p.p.m.v.) in the present
climate. The CO2 ramp-up and ramp-down experiment is
branched from the PD experiment at different phases of the
Pacific Decadal Oscillation and the Atlantic Multidecadal Oscilla-
tion to generate a total of 28 ensemble members. Each member is
driven by identical time-varying CO2 forcing for 500 years (Fig. 1),
comprising a 1% year−1 increase in CO2 concentration for 140
years until the concentration is quadrupled (4×CO2, 1,468 p.p.m.v.,

ramp-up period), a subsequent symmetric 1% year−1 decrease in
CO2 concentration for another 140 years until it returns to the
initial level (1×CO2, 367 p.p.m.v., ramp-down period), and fixed
CO2 concentration for the remaining 220 years (1×CO2, 367
p.p.m.v., restoring period).
We also used the SST reanalysis dataset from the Extended

Reconstructed Sea Surface Temperature, version 5 (ERSSTv5)68 to
examine the observational ENSO skewness. The analysis period
was from 1979–2020 to ensure high data quality.

Definition of diagnostic variables and indices
1. The thermocline depth is computed as the depth of the
maximum vertical temperature gradient in the equatorial Pacific
upper ocean (down to 350m depth) for each grid cell and each
ensemble member.
2. The precipitation centroid is defined as the latitude that splits

the annual tropical Pacific (120°E-80°W, 20°S-20°N) zonal mean
precipitation equally in half52,69. The precipitation is interpolated
to a finer grid with a 0.1° increment in the meridional direction to
accurately resolve the precipitation centroid.

Definition of anomalies and significance test
All model variables were linearly interpolated onto a common grid
with a 2° × 2° horizontal spatial resolution and a 10m vertical
resolution in the upper ocean (down to 350m depth). For the PD
experiment, the climatology and anomalies are defined using the
whole period of simulation. For the CO2 perturbation experiment,
the externally forced responses and anomalies of internal
variability are calculated as the ensemble mean and related
deviations in each member, respectively. Here, we note that the
28-member ensemble mean on a monthly timescale can largely
reduce the internal variability and produce highly consistent ENSO
anomalies and related hysteresis statistics compared to those
using an additional 31-year moving average operator to define a
smoother forced background state (not shown). For reanalysis
data, SST anomalies were calculated relative to the seasonal
climatology of the entire period (i.e., 1979–2020) and linearly
detrend.
The statistical significances of 28-member ensemble-averaged

results relative to the PD simulation were determined based on
the two-tailed Student’s t-test. In cases of analyses with a moving
window (see below), the effective sample size of related quantity
in the PD simulation equals the number of non-overlapping
windows. For example, a 31-year moving window in the 900-year
control simulation yields an effective sample size of 29.

ENSO skewness definition and decomposition
ENSO asymmetry is measured by the statistical metric of
anomalous SST skewness (γ):

γ ¼ m3

m3=2
2

mk ¼ 1
N

PN
i¼1

ðSST 0
iÞk ðk ¼ 2; 3Þ

8><
>: (1)

The SSTi′ and N respectively represent SST anomalies at the ith
time step and data length of the monthly time series while the
subscript k denotes the order of the statistical moment.
Considering the skewness is normalized by the cube of

standard deviation, its time-varying changes relative to the
control simulation can be linearly decomposed into changes
related to m2 and m3 with the following Taylor expansion (only
using first-order terms):

Δγ ¼ � 3
2
m2

�5
2m3

PD
´Δm2 þm2

�3
2

PD
´Δm3 (2)
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where an over-bar represents the long-term mean of related
quantities in the PD control simulation, and the Δ symbol indicates
a relative change on this reference basis.

Mixed layer heat budget
To investigate the physical causes of the SST variance and
skewness change, an ocean mixed layer heat budget analysis in
partial flux form is utilized70:

∂T
∂t ¼ Q

ρCpHmld
� ∂ uTð Þ

∂x þ ∂ vTð Þ
∂y

� �
þ WTsub

Hmld

� u ∂T
∂x þ v ∂T

∂y þ w ∂T
∂z

� �
� u ∂T

∂x þ v ∂T
∂y þ w ∂T

∂z

� � (3)

The variables T, u, v, and w denote mixed layer ocean
temperature and ocean current velocities in zonal, meridional,
and vertical directions, respectively. Variables with and without an
over-bar represent background mean state and anomalies respec-
tively. Tsub and W are ocean temperature anomalies and back-
ground vertical current velocity at the mixed layer base. Q denotes
sea surface net heat flux anomalies into the ocean. The mixed layer
is fixed at a depth of 50m (Hmld= 50m) while ρ= 1026 kgm−3 and
Cp= 3996 J kg−1 K−1 are seawater density and heat capacity. The
grouped six terms on the right-hand side are thermal damping by
net heat flux (Qnet), dynamical damping by horizontal mean
circulation (DD), thermocline feedback (TH), advective feedback
(ADV), and nonlinear dynamical heating (NDH), respectively. On this
basis, the sum of the above six explicitly calculated feedback terms
is referred to as the net growth rate (GR).

Asymmetric coupling strength
To separate El Niño and La Niña’s changes, we performed ENSO
phase-dependent asymmetric linear regressions71 to evaluate
their changes in SST-feedback coupling strength:

F ¼ aEl ´ SSTECP þ residEl SSTECP > 0ð Þ
aLa ´ SSTECP þ residLa SSTECP < 0ð Þ

�
(4)

where F and SSTECP represent each feedback on the right-hand side
of Eq. (3) and area-averaged SST anomalies over the central-to-
eastern equatorial Pacific (90°−180°W, 5°S-5°N) that cover ENSO’s
main activity center, respectively. resid represents an ENSO-
unrelated feedback component and is not analyzed in our study.
α represent each feedback’s linear coupling strength with ENSO SST
and is estimated in a 31-year moving window. In each window, the
SSTECP was normalized first to avoid possible influences from the
time-varying change in ENSO intensity. The “El” and “La” suffixes
represent El Niño and La Niña phases, respectively. The ENSO-
phase dependent regression analysis is also applied to reveal other
asymmetric features of ENSO, such as the SST’s spatial pattern.

DATA AVAILABILITY
The ERSSTv5 reanalysis is freely available at https://psl.noaa.gov/data/gridded/
data.noaa.ersst.v5.html. The model data used in this study is publicly available at
https://figshare.com/s/b6d4686e75ecf76331f5.
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