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GRAPHICAL ABSTRACT

Multi-year La Nifa-followed El Nifio

(2023 as example)
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PUBLIC SUMMARY

= The 2023 strong El Nifno event was unexpectedly accompanied by weak Southern Oscillation (westerly anomaly).

Extreme EI Ninho
(1997 as example)
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= This phenomenon was caused by zonally uniform ascent from westward-extended equatorial SST warming.

= The preceding multi-year La Nina (ML) accumulated abundant warm water in the western Pacific (WP).

= This warm water suppressed the nonlinear dynamical cooling in the WP during 1997-like extreme El Nifos.

= This mechanism, rooted in tropical Pacific, also functioned in other El Ninos after ML, especially 2009.
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The 2023 El Nifio, which occurred after a triple-dip La Nifa, displayed
several distinct features. Although the favorable warm water volume pre-
condition indicated the potential for an extreme event, its actual intensity
did not meet expectations. More counterintuitively, the westerly wind
anomalies were much weaker relative to the sea surface temperature (SST)
warming, presenting an unusual “strong El Nifio but weak Southern Oscilla-
tion" characteristic. Here we propose a tropical Pacific-rooted mechanism
that the relatively westward extension of SST warming in the equatorial
Pacific was the primary cause of the weak westerly anomalies by
suppressing the negative convection anomaly over the equatorial western
Pacific. Furthermore, the relatively westward-extended SST warming can
ultimately be traced back to the preceding multi-year La Nifa through the
chain of causation involving weak nonlinear dynamical cooling, weak
anomalous subsurface temperature gradients, and abundant warm water
accumulation in the western Pacific. This mechanism similarly explains
other El Nino events following multi-year La Nina, especially the 2009 event,
providing insights into the rare transition from a multi-year La Nifia to a
strong El Nifio. However, current climate models demonstrate limited skill in
simulating 2023-like El Nifo events and associated mechanisms, primarily
due to the systematic biases in the zonal distributions of SST and convec-
tion anomalies. Our proposed mechanism, rooted in tropical Pacific
dynamics, offers a new perspective to improve model simulations and
predictions of such events.

INTRODUCTION

El Nifio-Southern Oscillation (ENSO) events are of great spatial and tempo-
ral complexities and exhibit notable differences among themselves.” The El
Nifio event in 2023 was rather extraordinary, which featured three distinct
aspects. First, prior to this El Niflo event, there was a triple-dip La Nifa
event,”™ recharging the warm water volume (WWV)® in the equatorial Pacific
during the preceding winter to its maximum value since 1980." Second,
despite the first-ranked WWV pre-condition of this event, its peak intensity of
the Nifio3.4 index was placed 4" behind the 1982, 1997, and 2015 El Nifio
events (Figure STA) and merely reached the extreme category.”” Third and
most remarkably, despite sufficiently strong warm sea surface temperature
(SST) anomalies in the equatorial central-eastern Pacific, the westerly wind
anomalies were surprisingly weak, presenting a rare characteristic of strong
oceanic signal but weak atmospheric signal of ENSO, or saying, a “strong El
Nifio but weak Southern Oscillation”.

The primary reason that the 2023 event failed to reach the unprecedented
intensity suggested by WWV was a lack of synchronization in atmospheric
conditions, which has been identified as "ocean-atmosphere decoupling”.'”''
Since the tropical Pacific SST warming seemingly contradicts the absence of
westerly winds, several studies have offered explanations based on the
factors outside the tropical Pacific dynamics. For instance, Hong et al.'”
suggested that the North Atlantic Tripole and the extratropical North Pacific

extreme SSTs could trigger negative North Pacific Meridional Mode (NPMM)
activities and easterly anomalies, thereby weakening the SST-wind coupling
during the development stages of El Nifio. Using the Community Earth
System Model (CESM), Hu et al."” carried out a series of sensitivity prediction
experiments and concluded that the record-breaking pantropical warming in
2023 mitigated this El Nifio. Zhao et al." argued that the enhanced precipita-
tion over the Indian summer monsoon region and tropical North Atlantic
overwhelmed the effect of the El Nifio induced westerlies, resulting in the
easterly anomalies. Meanwhile, Kim et al."” emphasized that the unusual
easterly anomalies over the tropical western-central Pacific, which hindered
the development of El Nifio, were associated with a prominent east-west SST
gradient. This gradient could be further attributed to a negative NPMM'® and
a deepened thermocline over the Philippine Sea. Despite all these potential
explanations, if the “ocean-atmosphere decoupling” observed in this event
was driven by factors unrelated to the tropical Pacific as the above studies
suggested, a critical question emerges: was the weak Southern Oscillation
during the 2023 El Nifio event merely coincidental and inherently unpre-
dictable?

However, the unique 2023 El Nifio was preceded by another rare triple-dip
La Nifia event, raising questions about a potential connection between these
two unusual ENSO events. Previous studies have noted that multi-year La
Nifia events in observations rarely transition into strong El Nifio, and that
none of the three extreme El Nifio events in recent decades (1982, 1997, and
2015) followed multi-year La Nifia,""'® implying that the weaker-than-
expected intensity of the 2023 El Nifio event might be associated with the
multi-year La Nifia preconditioning instead of mere coincidence. Mechanisti-
cally, they proposed that the lingering cold state in the central Pacific from the
multi-year La Nifia hindered the eastward movement of deep atmospheric
convection, delaying ocean-atmosphere coupling and thus impeding the
development of El Nifio. This explanation aligns with the interpretation
proposed by Kim et al.'* and holds validity until SST anomalies turned posi-
tive. Yet, it should be noted that even the central-to-eastern Pacific SSTs
warmed after May 2023, weak westerly wind anomalies persisted until Octo-
ber. Evidently, the reason for the "ocean-atmosphere decoupling”
phenomenon in 2023, especially the lack of robust westerly anomalies
despite SST warming, needs to be further clarified to provide a potential path-
way to improving the prediction of future analogous events.

MATERIALS AND METHODS
Observational data

The monthly mean datasets used in this study include: (1) the SST data
from the Extended Reconstructed SST version 5 (ERSSTv5),'” Hadley Centre
Sea Ice and Sea Surface Temperature data set (HadISST),'"® and Center
Centennial in situ Observation-Based Estimates SST 2 (COBE SST2);"“ (2) the
precipitation data from the Global Precipitation Climatology Project Monthly
Analysis Product (GPCP)* and CPC Merged Analysis of Precipitation
(CMAP);”" (3) the surface (10 m) wind data from the National Centers for
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Environmental Prediction—Department of Energy Reanalysis 2 (NCEP2),% the
fifth generation ECMWF reanalysis (ERA5),” and Japanese 55-year Reanaly-
sis (JRAB5);* (4) the surface heat flux data from the NCEP2, ERA5, Global
Ocean Data Assimilation System (GODAS),” Ocean Reanalysis System 5
(ORAS5),” and Estimating the Circulation and Climate of the Ocean 2
(ECC02);"" and (5) the subsurface oceanic fields, including potential tempera-
ture and three-dimension currents, from the GODAS, ORAS5, and ECCO2. The
analysis period spans from 1980 onwards, with the exception of ECCO2,
which begins from 1992. All anomalies in this study are calculated as the
differences by subtracting the climatological seasonal cycle for the most
recent 30-year base period from 19971 to 2020 (29-year period from 1992 to
2020 for the ECCO2).

Definitions of indices

Several indices based on previous studies and new definitions are used in
this study. The Nifio3.4 SST index, the most common ENSO indicator, is
calculated as the average of SST anomalies in the Nifio3.4 region
(170°W=120°W, 5°S-5°N). The Pr_tropics index, used for quantifying convec-
tion anomaly, is defined as the mean precipitation anomaly in the region of
160°E-120°W, 5°S-5°N. Another convection anomaly index Pr_WP is defined
as the mean precipitation anomaly in the far western Pacific (120°=160°E,
5°S-5°N). The U_ Nifio4 index is defined as the mean surface zonal wind
anomaly in the Nifio4 region. The warm water volume (WWV) index, widely
used for measuring equatorial Pacific heat content, is defined as the water
volume above the 20°C isotherm in the region of 120°E=80°W, 5°S-5°N.° To
show the accumulation of warm water in the western Pacific, an WWV_west
index is defined similarly to the WWV index, but calculated in the region of
120°E-170°W, 10°S—-10°N.

An SST westward extension index (SST_wb) is defined as

200°
SST_wb = 200"~ [ bool(T > 0°C)dx

135°

()

where T' is SST anomalies, and 135° and 200° (160°W) represent the east-
ern and western boundaries of the typical longitudinal range of the SST
warming western boundary. The Boolean function equals 1 when the condi-
tion is satisfied and 0 otherwise. A similar index is defined to characterize the
westward extension of anomalous convection:

185°
Prwb =185 — j bool(Pr' > 0mm)dx

120°

@

where Pr' denotes precipitation anomalies, and the remaining parameters are
defined analogously to those in Eq. (1).

Mixed layer heat budget analysis

To diagnose the dynamic and thermodynamic processes through which
the monsoon affects the development of subsequent ENSO, a heat budget
analysis for mixed-layer temperature anomalies is conducted. Following
previous studies,”®” the budget difference equation can be written as:

i = —U’i—V/i—W’i—UE—VE—Wi
ot~ " dx dy 9z dIx dy_ = 0z
N——A M e e —A N —
UA VA EK um M TH
o ®)
- u’£+v’i+w’£ + U +R
ax ay 9z p,C.H

where () means the climatological annual cycle, and ()’ means monthly
mean anomalies. The terms T, u and v represent the mean temperature, as
well as the zonal and meridional ocean currents within the mixed layer,
respectively. w denotes the vertical current at the bottom of the mixed layer.
Q... is the net surface heat flux anomaly into the ocean. p,C,is the specific
heat capacity per unit volume, where the seawater density p, is 1.03 x
10° Kg m®, and the specific heat capacity C,is 4000 J kg™ K™. H is the mixed
layer depth defined as the depth where the subsurface temperature differs

from the surface (5 m) temperature by 0.8°C. Note that, dynamical processes
are calculated using a fixed subsurface depth of 50 m to be consistent with
the mathematical basis of the temperature advection equation, whereas the
temporal variations of mixed-layer depth are considered for the thermody-
namical term as surface heat flux penetrates and warms up the whole mixed
layer. R is the residual term.

On the right side of Eq. (1), the first three terms denote the advection of
mean temperature by the anomalous ocean current, which can generate
zonal advection (UA), meridional advection (V/A), and the Ekman pumping (EK)
respectively. The next two terms represent the redistribution of anomalous
temperature by the mean zonal (UM) and meridional (VM) ocean currents.
The advection of anomalous temperature by the mean vertical ocean current
is the thermocline feedback (TH). All these six terms are linear dynamical
processes. The last three terms, nonlinear dynamical heating, are the
combined effects of anomalous ocean currents and anomalous temperature
gradients.

Figure S2 shows the downward heat flux anomalies from five different
datasets, including GODAS, NCEP2, ERA5, ORAS5, and ECCO2. The GODAS
heat flux is simulated based on NCEP2 data, and the two are highly similar
(Figures S2A—H). However, they clearly do not align well with the overall
patterns of sea surface temperature (SST), precipitation, and wind fields. In
contrast, the ERAS heat flux data are more reasonable and also serve as the
benchmark for the two newer datasets, ORAS5 and ECCO2, with significant
similarities among the three (Figures S21-S). Therefore, we replaced the
GODAS heat flux data with ERA5 data for the heat budget calculations.

CESM1 piControl simulation and events definitions

Two long-term control simulations under the pre-industry greenhouse gas
concentration from the Community Earth System Model versions 1 and 2
(CESMT1 piControl and CESM2 piControl)™*" are used to evaluate the perfor-
mance of coupled climate model in simulating the phenomenon of a “strong
El Nifio but weak Southern Oscillation” following multi-year La Nifa. This
CESM1 simulation, which was run on a roughly 1° horizontal grid for 2200
model years, is publicly available from years 400 to 2200. The CESM2 simu-
lation, which has the identical resolution, spans years 1 to 1200, with the
latter 800 years being utilized in this study. Both simulations have been
widely used to study ENSO and related ocean-atmospheric processes,
demonstrating  decently good performance in simulating these
phenomenalfw,ﬁ’,ﬁ%,fﬂ

Multi-year La Nifia events in the simulation are identified when the Nifio3.4
is lower than -0.5 standard deviations for two or more consecutive DJF
seasons. Strong El Nifio events are defined as those with a DJF Nifio3.4
higher than 2 standard deviations. Strong El Nifio events in the simulation are
further categorized into two groups: those preceded by multi-year La Nifia
and those preceded by ENSO-neutral state (defined as an absolute value of
the DJF Nifio3.4 index lower than 0.5 standard deviations).

Atmospheric general circulation model experiments

In this study, we utilized the Community Atmospheric Model version 6/5
(CAMB/CAM5),* the atmospheric component of the Community Earth
System Model version 2.2.0/1.2.2 (CESM2.2.0/CESM1.2.2) developed by the
National Center for Atmospheric Research, to conduct experiments forced by
SST anomalies. The CAM6/5 experiments were carried out with a horizonal
resolution of 0.9° latitudex1.25° longitude (f09)/1.9° latitudex2.5° longitude
(f19) and a vertical resolution of 32/30 levels.

Three experiments are conducted parallelly using CAM6 and CAMS.
Initially, a control-run experiment (referred to as CTRL), which was driven by
the climatological annual cycle of SST, was integrated for 30 years. Subse-
quently, the SST anomalies in the equatorial Pacific (120°E-80°W,
10°S-10°N) during the summers (from May to September) of 2023 and 1997
were separately superimposed onto the SST forcings for two sensitivity
experiments. Analogous to the CTRL, each of the sensitivity experiments was
integrated for 30 years. For all experiments, the initial 10-year period was
used for model spin-up. To investigate the impacts of SST anomalies, in the
last 20-year period, we subtracted the results of the CTRL from those of the
two sensitivity experiments.
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Figure 1. The strong El Nifio but weak Southern Oscillation in 2023 (A) Monthly time-series of warm water volume (WWV), Nifio3.4, tropical Pacific precipitation (Pr_tropics),
and Nifio4-mean zonal wind anomalies (U_Nifio4) indices from 1980 to 2024. The panel presents the correlation coefficients between WWV (with a 6-month lead) and Nifio3.4,
Nifio3.4 and Pr_tropics, Nifio3.4 and U_Nifio4, as well as Pr_tropics and U_Nifio4, which are 0.59, 0.84, 0.83, and 0.76 respectively. The orange shadings denote the three extreme
El Nifio events and the 2023 El Nifio event. (B)—(E) 5-month mean indices of December(-1) to April WWV (B), May to September (MJJAS) Nifio3.4 (C), MJJAS Pr_tropics (D), and
MJJAS U_Nifio4 (E) of EI Nifio events, arranged in descending order of each index. Notably, in 2023, the MJJAS U_Nifio4 index ranked 12", while both the MJJAS Nifio3.4 and the
Pr_tropics indices ranked 4" in their respective series. Note that all the indices have been standardized from 1980 to 2024.

Linear baroclinic model experiments

A linear baroclinic model (LBM)”" was employed to explore the surface
wind response to the anomalous heating in El Nifio events. The LBM is a
primitive equation model, which is linearized based on the observed climatol-
ogy derived from the NCEP—DOE Reanalysis over the period from 1991 to
2020. We employed a version of the LBM with a T42 horizontal resolution and
20 sigma levels in vertical resolution. Two sets of LBM experiments were
conducted, where the forcing was prescribed to anomalous heating during
the summers (from May to September) of 2023 and 1997. Each of the LBM
experiments was integrated for 30 days. To obtain a steady-state response
to the anomalous atmospheric heating, the results from the last 10 days were
averaged.

RESULTS
Weak Southern Oscillation during the 2023 strong El Nifio

The charging of WWV often indicates that SST warming in the equatorial
central-eastern Pacific, i.e., an El Nifio event may occur 6 to 12 months later

(Figure 1A).°* EI Nifio, as an oceanic phenomenon, generally occurs in
conjunction with the atmospheric phenomenon-Southern Oscillation.*** In
particular, the zonal non-uniform SST warming causes eastward shift of the
convection center, which creates an east-west anomalous sea level pressure
gradient and further leads to the occurrence of westerly wind anomalies
(Figure TA).*" Subsequently, the westerly wind anomalies induce subsurface
oceanic processes, including zonal advection and eastward-propagating
Kelvin waves, which in return enhance the SST warming, forming the so-
called Bjerknes feedback.””

Such ocean-atmosphere coupling processes are crucial for the develop-
ment of El Nifio and typically prominent in extreme events. During the devel-
opment of three extreme El Nifio events in 1982, 1997 and 2015, the indices
(see MATERIALS AND METHODS) of ENSO-related equatorial SST anomaly
(Nifio3.4), convection anomaly (Pr_tropics), and zonal wind anomaly
(U_Nifio4) were highly synchronic seasonally (Figures 1C—E) and monthly
(Figures STB=D). The three indices in the summers of 1997 and 2015 were
ranked top two across all El Nifio events, showing an exceedingly robust
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ocean-atmosphere coupling relationship. In 1982, owing to its relatively
belated onset, the three aforementioned indices during summer were ranked
6. Although the magnitudes of these indices in the 1982 summer were not
exceptionally high, they still remained within the leading ranks and followed a
coherent ocean-atmosphere coupling relationship (Figures 1C—E). However,
an unexpected situation occurred in 2023. While the Nifio3.4 and Pr_tropics
indices both ranked 4" in summer, the U_ Nifio4 index only ranked 12", far
behind the other two indices (Figures 1C—E).

The monthly evolutions of the three indices more detailly reveal the differ-
ences in ocean-atmosphere coupling processes between the 2023 El Nifio
events and the three extreme ones (Figures S1B—E). Corresponding to the
early-onset SST warming, the westerly anomalies in 1997 and 2015 occurred
at the beginning of the year and gradually intensified as the SST further
warmed up (Figures S1B=C). In 1982, due to the relatively late onset of warm
SST, westerly wind anomalies did not appear in the early months of the year.
However, by summer, as SST warming emerged alongside a positive convec-
tion anomaly in the central-eastern Pacific, westerly wind anomalies devel-
oped. This progression highlighted a remarkable synchrony among the three
indices that year (Figure S1D). In 2023, after May, when the equatorial central-
eastern Pacific SST anomalies switched from negative to positive, the posi-
tive convection anomaly occurred accordingly. Yet, the zonal wind anomalies
persisted in a weak state until September, which, in turn, led to the El Nifio
event missing the opportunity to reach a more elevated intensity in that year
(Figure STE). That is, the warm SST has induced a positive convection
anomaly through the typical ocean-atmosphere coupling mechanism.
However, this positive convection anomaly has not further triggered westerly
wind anomalies as in most cases. Apparently, the coupling chain broke down
between convection and wind rather than between SST and convection,
which is different from the situation of a weak linkage between SST and
convection during the so-called "uncoupled El Nifio" in the previous
studies.”*** Thus, simply characterizing the 2023 situation as "ocean-atmo-
sphere decoupling” might be insufficiently accurate.

Relatively westward SST warming leading to weak westerly anomalies

The next question is: why did the anticipated strong westerly anomalies not
occur? In the presence of a pronounced convection anomaly, it seems that
the ocean-atmosphere state within the equatorial Pacific struggled to explain
the weak westerly anomalies. Thus, it is fair to hypothesize that factors
beyond the tropical Pacific might have played certain roles'®'*'"*. However, by
carefully reexamining the differences between 2023 and the three extreme El
Nifio events, we posit that the key reason for the weak westerly anomalies
may lie in the zonal distribution of warm SST anomalies in the equatorial
Pacific.

In 2023, a record-breaking coastal El Nifio took place.”**® As a result, the
most pronounced warm SST anomalies were concentrated in the eastern
Pacific, which naturally drew our attention to this region. Indeed, when focus-
ing on the central-eastern Pacific, the 2023 El Nifio seems to be roughly iden-
tical to the three extreme events (Figures 2A—D). However, if we focus only
on the regions with significant SST anomalies, we may miss an overlooked
feature on the western side in 2023. Throughout this year, the warm SST
anomalies persistently expanded to 150°E or even further westward, accom-
panied by relatively milder cold SST anomalies in the far western Pacific
(Figure 2D). In contrast, during the development of the three extreme El Nifio
events, the western boundaries of their warm SST anomalies gradually
retreated eastward towards the Date Line (Figures 2A—C). This difference in
the zonal distribution of SST anomalies was seemingly inconspicuous, but
actually exerted a substantial impact and might well be the primary cause of
the weak westerly anomalies observed in the summer of 2023.

The westward-extended warm SST anomalies not only caused the posi-
tive convection anomaly to expand westward but also diminished the inten-
sity of the negative convection anomaly in the far western Pacific (Figure 2H).
Conversely, during the three extreme El Nifio events, the negative convection
anomalies on the west were remarkably strong (Figures 2E—G). These
anomalies, in combination with the positive convection anomalies in the east,
efficiently formed an anomalous zonal-overturning circulation cell (the so-
called Walker circulation cell), promoting the generation of easterly anoma-
lies at the upper levels, and westerly anomalies at the lower levels

(Figures 21=K). In 2023, the positive convection anomaly was prevalent
across nearly the entire zonal expanse of the equatorial Pacific, and the nega-
tive convection anomaly in the western Pacific was extremely weak. As a
result, it was difficult to establish a strong anomalous Walker circulation cell
(Figure 2L). Note that, in this year, the atmospheric ascending in the western
Pacific was compensated by meridional convergence (Figure 2P), which is
also different from the patterns observed during the three extreme El Nifio
events (Figures 2M—0). The relatively westward-extended positive SST and
convection anomalies leading to weak westerly wind anomalies can be veri-
fied by more general evidence. In July 1997 and June 2015 when the positive
convection anomalies underwent an occasional westward expansion, there
was a marked disruption in the westerly wind anomalies in the equatorial
Pacific (Figures 2J—K). Moreover, although the convection anomaly in 2023
was stronger than that in 1982, the westerly anomalies were, on the contrary,
weaker (Figures 21& L). The above-mentioned zonal distributions of oceanic
and atmospheric variables are further validated by different sources of
datasets (Figure S3). In short, a stronger positive convection anomaly does
not necessarily induce stronger westerly anomalies. Instead, the co-occur-
rence of positive and negative convection centers in the zonal direction is
crucial for triggering strong westerly anomalies.

To quantitatively support the above interpretation, Figure 3 summarizes the
relationships between westerly wind anomalies and different characteristics
of SST and convection anomalies during years when the Nifio3.4 index
exceeds 0.5 standard deviations (Table ST). Although the U_ Nifio4 index
shows high correlations with the Nifio3.4 and Pr_tropics indices when all
years are included, these relationships are largely controlled by the two
extreme El Nifio events in 1997 and 2015. Once these years are excluded, the
correlations become weak, indicating that the amplitude of SST warming or
basin-mean convection alone is insufficient to explain westerly wind variabil-
ity during non-extreme events (Figures 3A-B). In contrast, indices describing
the westward extension of SST warming and convection, particularly SST_wb
and Pr_wb (see MATERIALS AND METHODS), retain moderate correlations
with the WW index, even after excluding extreme years (Figures 3C-D).
Moreover, precipitation anomalies over the far western Pacific (Pr_WP, see
MATERIALS AND METHODS) exhibit a strong correlation with the U_ Nifio4
index (Figure 3E), emphasizing the importance of suppressed convection in
the far western Pacific. These results suggest that the zonal structure of SST
and convection anomalies, rather than their overall intensity, plays a key role
in regulating westerly wind anomalies.

To further examine the above speculation that the relatively westward-
extended SST warming led to zonally uniform convection and weak westerly
anomalies in 2023, we conducted two sets of atmospheric model experi-
ments using the Community Atmospheric Model version 6 (CAM6; see
MATERIALS AND METHODS), which were respectively forced by SST anoma-
lies in the 2023 and 1997 summers (from May to September, Figures 4A-B).
The results show that the more westward-extended SST warming in 2023
induced a more westward extended precipitation response and weaker west-
erly anomalies compared to the response to the 1997 SST warming
(Figure 4C). However, both experiments simulated dipole-shaped precipita-
tion responses, with a strong negative center over the Maritime Continent to
the west of positive center (Figures 4A—B), which closely resembled the
observed anomalous precipitation pattern in the 1997 summer. These dipole
precipitation responses, as it should, led to overestimation of the westerly
wind responses in the two experiments, especially in the 2023 experiment. In
reality, the 2023 precipitation anomaly was strikingly different from that in
1997, with a weak negative center near the Maritime Continent and a stronger
positive center located in the central Pacific, rather than the eastern Pacific as
seen in 1997 (Figures 4G—H). That is, the precipitation and wind responses in
the CAM6 experiment forced by the 2023 SST anomalies may not be suffi-
ciently accurate. However, compared to its previous version CAM5, CAM6
already demonstrates significant improvements. CAM5 tends to produce an
unrealistic meridional dipole pattern in precipitation over the Maritime Conti-
nent and the subtropical northwestern Pacific, while also exhibiting an overly
sensitive precipitation response in the eastern Pacific. As a result, in CAM5,
the 2023 warm SSTs trigger excessively strong westerly wind anomalies
(Figure 4D), although these responses are considerably weaker compared to
those in the CAM5 1997 experiment (Figures 4E—F). These model biases will
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Figure 2. Different zonal distribution of ocean-atmosphere variables in the equatorial Pacific between the three extreme El Nifio events and the 2023 El Nifio event (A)—(D)
Hovmoller diagrams of the equatorial (5°S—5°N) mean SST anomalies (shaded) in the 1982 (A), 1997 (B), 2015 (C), and 2023 (D) El Nifio events. The zero and 0.4 lines are high-
lighted as contours. (E)—(H) Similar to (A)—(D), but showing precipitation anomalies (shaded), with the zero lines as contours. (I)=(L) Similar to (A)—(D), but showing surface zonal
wind anomalies. (M)—(P) Similar to (A)—(D), but showing surface meridional wind divergence. The two horizontal dashed lines demarcate the time-period from May to Septem-
ber, while the vertical dashed line indicates the 180° longitude.

be discussed in more details in the Discussion.

To explore how winds respond to actual precipitation patterns, we
employed a linear baroclinic model (LBM, see MATERIALS AND METHODS)
to conduct two sets of experiments with forcings from the observed anoma-
lous atmospheric heating in the 2023 and 1997 summers (Figures 4J-K).

With realistic spatial patterns, the 2023 heating induced a weak westerly wind

response to the west of the Dateline, whereas the 1997 heating caused a
stronger westerly wind response extending to 120°W (Figures 4J—K). The
differences between the two LBM experiments reveal a distinct pattern of the
weaker westerly wind anomalies in the case of 2023 event (Figure 4L). The
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Figure 3. Relationships between westerly wind anomalies and the zonal extent of SST and convection Scatter plots showing the relationships between the MJJAS U_Nifio4
index (y-axis) and (A) the Nifio-3.4 index, (B) the tropical mean precipitation index (Pr_tropics), (C) the SST westward extension index (SST_wb), (D) the precipitation westward
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selected years excluded are indicated in each panel. Note that all the indices have been standardized from 1980 to 2024.
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Figure 4. Forcings and responses of the model experiments and corresponding observed patterns (A)—(B) The responses of precipitation (shading) and 925hPa winds
(vectors) of the CAM6 experiments forced by the SST anomalies (contours) during the summers (from May to September) of 2023 (A) and 1997 (B). (C) The differences in the
responses between the two CAM6 experiments (2023 minus 1997). (D)—(F) Similar to (A)—(C), but showing the results of CAMS5. (G)—(H) The observed anomalous precipitation
(shading) and 925hPa winds (vectors) patterns during the summers (from May to September) of 2023 (G) and 1997 (H). (I) The differences in precipitation and 925hPa winds
between 2023 and 1997 (2023 minus 1997). (J)—(K) The responses of 925hPa winds (vectors) of the LBM experiments forced by the atmospheric heating anomalies (shading)
during the summers (from May to September) of 2023 (J) and 1997 (K). (L) The differences in the responses between the two LBM experiments (2023 minus 1997).

above model results confirm that a strong dipole pattern of convection
anomalies has the potential to trigger strong westerly anomalies, while a
zonally uniform pattern has limited capability in doing so. In addition, the
systematic bias in moist convection within convection-permitting atmo-
spheric general circulation models can result in inaccurate precipitation and
surface wind responses to SST forcing, which may partly explain the overes-
timation of El Nifio prediction in the early 2023."

Weak nonlinear cooling favoring SST warming in the western Pacific

A mixed layer ocean heat budget analysis is conducted to diagnose the
excessive SST warming towards the western Pacific in 2023. It should be
noted that due to the biases in heat flux term, we combined the subsurface
oceanic fields from the Global Ocean Data Assimilation System and heat flux
fields from the fifth generation ECMWF reanalysis for the heat budget analysis.
More details are described in the see MATERIALS AND METHODS.
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Figure 5. Mixed layer heat budget analysis across three longitudinal ranges in the equatorial Pacific (A)—(D) Hovmoller diagrams of the equatorial (5°S—5°N) mean mixed layer
temperature tendency (shaded) in the 1982 (A), 1997 (B), 2015 (C), and 2023 (D) El Nifio events. The left box demarcates the longitudinal range of 150°E—170°W, and time range
between April and August. The right box demarcates the longitudinal range of 170°E—110°W, and same time range. (E) Mixed layer heat budget tendency budget analysis from
April to August of the four El Nifio events in the region of 150°E—170°W, 5°S—5°N. Bars from left to right are "dTdt" temperature tendency, “Q" net heat flux, "D" the total dynami-
cal effect, six linear dynamical processes, three nonlinear dynamical processes, and "R" the risidual term (R=dT/dt - Q - D). (F) Similar to (E), presenting the results in the regions

of 170°=110°W, 5°S—5°N.

Similar to the case of SST anomalies, the 2023 El Nifio event displayed a
different zonal distribution of mixed layer temperature tendency evolution in
the equatorial Pacific from those during the three extreme El Nifio events
(Figures 5A=D). In the three extreme El Nifio events, the temperature

tendency exhibited a dipole pattern of cooling in the west and warming in the
east, with the Date Line serving as the boundary. On the other hand, in 2023,
the cooling tendency in the west was weaker and the warming tendency
extended westward approximately to 150°E. Plainly speaking, within the
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longitudinal range of 150°E=170°W, the three extreme El Nifio events experi-
enced cooling during their development, whereas the 2023 El Nifio event
exhibited warming. Therefore, the heat budget analysis terms from spring to
summer (from March to August) are averaged within 150°E=170°W, 5°S-5°N
(defined as region WP hereafter) to reveal the reason for the relatively west-
ward extension of equatorial SST warming in 2023 (Figure 5E). Additionally,
another longitudinal range to the east (170°W-110°W, C-EP hereafter) where
the temperature tendencies were similar among the four events are defined
to verify the heat budget analysis (Figure 5F).

In the C-EP region, not only is the temperature tendency term similar, but
the heat budget terms are also physically consistent across the four El Nifio
events (Figure 5F). Specifically, zonal advection (u2), thermocline feedback
(w2Z) and meridional heat redistribution (V%’) processes are the major posi-
tive contributing factors, while the impacts of other terms are relatively minor.
It should be noted that the relatively large residual partly arises from unre-
solved processes such as vertical mixing and entrainment, as well as accu-
mulated uncertainties among large-magnitude terms. As these effects are
common to all four events, they do not affect the robustness of the inter-
event comparison. Despite certain biases, the heat budget analysis in this
regions validates the robustness of our calculations as it shows the domi-
nant roles of thermocline feedback term and zonal advection term in promot-
ing C-EP warming, which conforms to the intrinsic physical features in the
equatorial Pacific.** More importantly, it indicates that, compared with the
three extreme events, the 2023 El Nifio was not exceptional in terms of
mechanism in the large SST warming region.

In the WP region, 2023 El Nifio featured a positive temperature tendency,
which was distinct from the negative tendencies in the other three extreme El
Nifio events (Figure 5D). Nevertheless, the three main positive terms (zonal
advection, thermocline feedback, and meridional heat redistribution) in the C-
EP region acted comparably in all the four events in promoting SST warming
within this region. Moreover, the Ekman pumping effect (w'Z) contributed
positively in the other three events but a negative one in 2023, resulting in a
smaller sum of linear dynamical terms in that year. These findings present a
dilemma: In 2023, despite the positive tendency, the warming-favored
processes were rather weaker compared to the three events with negative
tendencies. This disparity suggests the need to examine the effects of other
factors. Given the negative tendencies in the three extreme events, it is
reasonable to infer the existence of negatively contributing factors. In fact, the
nonlinear dynamical processes played this role, causing cooling across all
dimensions in the WP during those events (Figures 2E & S4A-1). However, in
2023, this nonlinear cooling effect did not occur in the WP region, which
accounts for the local positive temperature tendency (Figures 2E & S4J-L). In
other words, the absence of nonlinear cooling processes is the dominant
contributor to the relatively westward expansion of SST warming during the
2023 El Nifio event. Considering the uncertainties in the reanalysis products,
the same ocean heat budget analysis was performed with two additional
datasets (ORASS, Figures S5—S6; ECCO2, Figures S7—S8). The high level of
agreement among these results verifies the robustness of the analysis and
the ensuing interpretation

Exceptional western Pacific WWV inhibiting nonlinear cooling effects
Nonlinear dynamical processes are the combined effects of anomalous
ocean currents and anomalous temperature gradients. So, what factors
contributed to the pronounced nonlinear cooling in the western Pacific during
the three extreme El Nifio events, while only a weak nonlinear cooling
occurred in 2023? Figures S9-S10 display the bimonthly evolutions of
subsurface anomalous temperature and currents during the four El Nifio
events. While the anomalous currents in 2023 were similar to those in the
three extreme El Nifio cases, the temperature distribution was strikingly
different in that year. At the beginning of the three extreme years, cold
temperature anomalies had already emerged in the western Pacific and off
the equator (Figures 2A—D). With the further decrease in the WWV in the
western Pacific (WWV_west, see MATERIALS AND METHODS ), anomalous
temperature gradients in all three dimensions persisted throughout the three
extreme El Nifio years (Figures 6A—C). Therefore, the anomalous eastward
zonal currents, equatorward meridional currents and vertical currents in the
WP region induced substantial in-situ nonlinear cooling (Figures S4A-I),

restricting the westward extension of SST warming during these years.

Before the onset of the 2023 El Nifio, a large amount of warm water had
accumulated in the western Pacific due to the previous triple-dip La Nifia.
When the anomalous zonal currents and mean meridional ones began to
transport mass and heat away from the western Pacific and the equator, the
WP region remained with broad and uniform subsurface warming, resulting in
weak anomalous temperature gradients until the WWV_west switched to
negative after September (Figures 6D & S4J-L). Thus, the equatorial SST
warming in 2023 started to retreat eastward since September (Figure 2D),
favoring the occurrence of westerly wind anomalies after that (Figure 2L). In
fact, the WWV_west was high not only after the 2020-2022 triple-dip La Nifia
but also after the other multi-year La Nifia events (Figure 6E). In this case, we
suggest that the relatively westward-extended SST warming in 2023, induced
by weak nonlinear dynamical cooling in the WP region and resulting in the
prevention of westerly anomalies generation, might not be entirely accidental
or inimitable. Similarly, all the above analyses are validated with the ORAS5
and ECCO2 datasets (Figures S11-S16).

CONCLUSION and DISCUSSION

In the conventional ENSO recharge framework, multi-year La Nifia events
are expected to have a higher probability of transitioning to strong El Nifio
than single-year La Nifias as they more persistently recharge the ocean heat
content toward the equator via Sverdrup transport.”'® However, only the 2020-
2022 multi-year La Nifia event evolved into a relatively strong El Nifio. In
contrast, other multi-year La Nifia events merely transitioned to a moderate
El Nifio or nearly an ENSO-neutral conditions (Figures S17A-D). Even the
2023 El Nifio failed to reach the intensity predicted by its second-highest
WWV precondition. Given the typical nature of the 2023 El Nifio, the findings
from this analysis may provide insights into why strong El Nifio events are
rare following multi-year La Nifia events.

In the summer of 2023, strong SST warming in the equatorial central-east-
ern Pacific triggered a corresponding positive convection anomaly. However,
the relatively westward extension of this warming pattern led to zonally
uniform ascending across the equatorial Pacific, which was inconducive to
the formation of westerly wind anomalies. This westward shifted SST warm-
ing, coupled with a zonally uniform positive convection anomaly and weak
westerly anomalies, was also observed in other post-multi-year La Nifia
years, despite inter-event differences (Figure S17), which is insensitive to the
choices of datasets (Figure S18). Notably, the 2009 event shares striking
similarities with the 2023 El Nifio. In 2009, SST warming extended westward
to around 150°E, and positive convection reached 135°E, generating weak
westerly anomalies over the western Pacific (Figures S17C, G, K & 0). Quanti-
tatively, the Pr_tropics ranked 8", closely matching the 9™ Nifio3.4 index, but
accompanied by the unmatched and lower-ranked 13" U_ Nifio4 (Figure 1). In
other words, like the 2023 one, the 2009 El Nifio was also accompanied by a
weak Southern Oscillation due to the relatively westward extension of SST
warming. More importantly, the mixed layer heat budget in the WP with all the
three oceanic reanalysis datasets was nearly identical during both the 2009
and 2023 El Nifio events, exhibiting weak nonlinear dynamical processes
(Figures S19-S21A) that could be further attributed to weak anomalous
temperature gradients induced by the high WWV_west accumulated during
the preceding multi-year La Nifia (Figures S19—-S21B-C). Consequently, the
mechanism derived from the 2023 event may represent a generalizable path-
way for El Nifio evolution following prolonged La Nifia events, helping to
understand the lower-than-expected occurrence of strong El Nifio after multi-
year La Nifias. It should be noted, however, that a longer duration does not
guarantee that a multi-year La Nifia will produce a strong enough heat
recharge for strong El Nifio occurrence, and also western Pacific warm water
accumulation for relatively westward SST warming. Therefore, a multi-year
La Nifia should not be considered a sufficient condition for the mechanism
described above, but rather a significant precursor with important indicative
value. On the other hand, if a single-year La Nifia could indeed produce a
subsurface initial state comparable to that following a multi-year event, a
similar outcome would be expected. However, in reality, a single-year La Nifia
rarely reaches an intensity sufficient to induce effects as strong as those of
multi-year events.

While prior studies rightly emphasize that lingering central Pacific cold
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Figure 6. Weak temperature gradient related to high warm water volume in the western Pacific (WWV_west) during 2023 El Nifio event (A)—(D) Monthly time-series of the
three-dimensional gradients of mixed layer temperature anomalies and WWV_west in the region of 150°E—170°W, 5°S—=5°N during the 1982 (A), 1997 (B), 2015 (C), and 2023 (D)
El Nifio events. The orange shadings denote the periods from March to August. (E) Monthly time series of WWV_west and Nifio3.4 from 1980 to 2024. The orange (blue) shad-
ings denote the January-to-August periods in the three extreme El Nifio events (after the four multi-year La Nifia events that occurred in 1983-1985, 1998-2001, 2007-2008 and
2010-2011). The 2023 El Nifio event, succeeding the 2020-2022 multi-year La Nifia event, is highlighted by cross-hatching in orange and blue. Note that all the indices have

been standardized.

anomalies from multi-year La Nifia can suppress westerly anomalies via
local air-sea or tropics-subtropics interactions,'*** these mechanisms fail to
fully explain the persistent absence of westerly anomalies after SST anoma-
lies turn positive (e.g., post-May 2023). Our findings resolve this paradox by
introducing a tropical Pacific-internal pathway: the accumulated WWV_west
from preceding multi-year La Nifia weakens anomalous subsurface temper-
ature gradients and nonlinear dynamical cooling in the western Pacific. This,
in turn, leads to the westward extension of SST warming and uniform posi-
tive convection across the equatorial Pacific, which results in weak Southern
Oscillation and westerly anomalies. Thus, the phenomenon of a “strong El
Nifio but weak Southern Oscillation” following multi-year La Nifia appears to
be driven by ocean-atmosphere dynamics within the tropical Pacific, a
process that is hopefully predictable.

However, this "strong El Nifio but weak Southern Oscillation” phenomenon
remains challenging to be captured by coupled climate models. We catego-
rized and compared strong El Nifio events in the CESM1/2 piControl simula-
tions into two types: those following multi-year La Nifia events and those
emerging from neutral initial conditions. The results reveal two biases
respectively in the ocean and atmospheric models. In ocean models, the cold
tongue bias of SST climatology leads to an overly westward extension of SST
warming in the both types of El Nifio events, which diminishes the contrast in

the western boundary of warm SST between the events following multi-year
La Nifia (Figures 7A & I) and ENSO-neutral state (Figures 7E & M). Since
CESM1 and CESM2 share the same ocean component, this feature is simi-
larly manifested in both model versions. The second bias lies in the precipita-
tion response, which aligns with our self-conducted atmospheric experi-
ments forced by observed SST anomalies. Even when driven by observed
differentiated SST anomaly patterns, the atmospheric model consistently
exhibits an overly pronounced dipole bias in convective response over the
western Pacific to the Maritime Continent (Figures 3A-B & D—E). Although
CAM6 shows improved precipitation simulation compared to CAM5 due to
upgrades in cloud microphysics, the overall performance of the coupled
CESM2 experiments shows limited improvement over CESM1 when
combined with the ocean model bias (Figure 7). Nevertheless, by demon-
strating the underlying physical processes, our findings highlight a potential
pathway to improving model simulations and predictions of such atypical
ENSO events.

Lastly, it is noteworthy that while the WWV index, functioning as an ENSO
precursor that measures ocean heat content (OHC) by integrating the water
volume above the 20°C isotherm,® effectively captures the wind stress curl-
forced basin-wide meridional warm water exchange, i.e. the Recharge Oscil-
lation, this index does not reflect the zonal asymmetry in subsurface warm
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Figure 7. Zonal distribution of ocean-atmosphere variables in the equatorial Pacific during strong El Nifio events in the CESM1/2 piControl simulations (A)—(H) Similar to
Figure 2, but showing the strong El Nifio events following multi-year La Nifia (A)—(D) and ENSO-neutral state (E)—(H) in CESM1 piControl simulations. (I)=(P) Similar to (A)—(H),
but showing the results in CESM2 piControl simulations. The white dotted region is statistically significant at the 95% confidence level based on the Student's t-test.

water or thermocline variations due to its zonal-mean definition. In fact, the
zonal asymmetry of OHC has been identified as the "tilt mode"** which is
highly correlated with the integral of equatorial Pacific-averaged zonal wind
stress anomalies over the last 10 months.”’ These two variabilities of OHC
can be captured by the first two Empirical Orthogonal Function (EOF) modes
of thermocline depth (Figures S22A-B), with their principal components
highly correlated with the WWV_west and WWV indices (Figure S22C-D),
respectively. While the recharge—discharge mechanism, namely the WWV

mode, remains the dominant process governing the cyclic evolution of ENSQO,
the tilt mode also influences the spatial pattern of SST and the associated
atmospheric response, thereby modulating ENSO progression. In extreme
cases such as that of 2023, this interaction contributed to an El Nifio event
that was accompanied by weak Southern Oscillation and westerly wind
anomalies. On the other hand, the other three extreme El Nifio events were
preceded by weak tilt mode conditions (Figures S22C). However, it should be
noted that neither the WWV/WWV_west nor the EOF-based indices purely
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reflect these two physical processes.* Moreover, the definition of WWV index
encompasses the amount in the western Pacific (i.e., WWV_west index),
which, according to our study, is likely to be unfavorable for occurrence of
westerly anomalies. Thus, the distribution of subsurface ocean heat content
should also be considered to better understand the complexity of ENSO and
to supplement the regional mean or EOF-based WWV index for predicting
ENSO development.
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