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Abstract El Nifios (EN) are known to decay more rapidly, while La Nifias (LN) tend to decay more slowly.
Observational analyses and coupled model experiments are conducted to show that sea surface temperature
(SST) anomalies over the subtropical northeastern Pacific (SNEP) and equatorial western Pacific (EWP) are
key factors to determine the decay pace of the EN and LN and their asymmetry. In the present climate the LN
produces larger cold SST anomalies over the regions than the warm SST anomalies produced by the EN. The
magnitude difference over the SNEP and EWP helps to slow down the LN decay via subtropical footprinting
and tropical thermocline variation mechanisms, respectively. Coupled Model Intercomparison Project Phase 6
models project the magnitude differences of SNEP SST anomalies between EN and LN to reduce in the future
warming world, causing the asymmetric EN-LN decay to weaken.

Plain Language Summary There are obvious asymmetric features in mature winter and decaying
summer between the warm (EI Nifio [EN]) and cold phases (La Nifia [LN]) of El Nifio-Southern Oscillation
(ENSQ). Cold sea surface temperature (SST) anomalies over the subtropical northeastern Pacific (SNEP) and
equatorial western Pacific (EWP) in winter are larger in amplitude during LN than EN. This asymmetric feature
in winter enables the LN to delay slower and last longer than the EN in the following summer, which is another
asymmetric feature between these two phases of the ENSO. The large cold anomalies over the SNEP can spread
to the equatorial Pacific to slow down the LN decay through subtropical ocean-atmosphere coupling processes.
The large cold anomalies over the EWP also contribute to the slow decay of LN but mainly through tropical
ocean-atmosphere coupling processes. Climate models project that the future global warming may reduce the
magnitude differences of the SNEP SST anomalies between EN and LN and cause a rapid decline of LN in a
warmer world.

1. Introduction

The warm and cold phases (i.e., El Nifio [EN] and La Nifia [LN]) of the El Nifio-Southern Oscillation (ENSQO)
exhibit notable asymmetric features not only in their spatial patterns (Dommenget et al., 2013; Hoerling
etal., 1997) and peak intensities (An & Jin, 2004; Duan & Mu, 2006; Su et al., 2010) but also in their pace of decay
(DiNezio & Deser, 2014; Guanet al., 2019; Hu et al., 2017; Okumura & Deser, 2010; W. Chen et al., 2014). Typi-
cally, EN and LN both develop in boreal summer, peak in winter, and decay in the following summer. However,
the EN tends to exhibit a rapid decay, while the LN tends to decay slowly and, in some cases, even re-intensify
in the following year to become multiyear events (Fang & Yu, 2020a; Kessler, 2002; McPhaden & Zhang, 2009;
Santoso et al., 2017). The important impacts of the transition of ENSO decaying phases on the climate over the
east Asia and western north Pacific attract more attention (J. Chen et al., 2018, 2018; 2020).

Several mechanisms have been proposed to explain the asymmetric decay between EN and LN. Some studies
(e.g., Ohba & Ueda, 2009; Okumura & Deser, 2010; Okumura et al., 2011) emphasize the negative feedback
provided by zonal wind anomalies in the far western equatorial Pacific to explain the asymmetric decay. Based
on the western Pacific oscillator theory of ENSO (Weisberg & Wang, 1997), wind anomalies induced by the peak
phase of the ENSO in this region can excite ocean Kelvin waves that later propagate to the eastern equatorial
Pacific to terminate the ENSO event by bringing the anomalous thermocline back to normal. These studies argued
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that the western Pacific winds respond asymmetrically to the sea surface temperature (SST) anomalies during
the peak phase of EN and LN, which later lead to their asymmetric decay. Ohba and Ueda (2009), for example,
demonstrated with ocean model experiments that a symmetric SST forcing over the tropical Pacific between EN
and LN can generate asymmetric wind responses over the western Pacific, which can then lead to an asymmetric
recovery of the thermocline over the equatorial eastern Pacific between these two phases of the ENSO.

Besides the nonlinear atmospheric feedback within the tropical Pacific, nonlinear feedbacks from the trop-
ical Indian Ocean have also been suggested to be a contributing factor to the asymmetric decay. Ohba and
Watanabe (2012) and Okumura et al. (2011) and indicated that the easterly anomalies in the equatorial western
Pacific caused by the Indian Ocean basin warming during EN peak winter are much stronger than the westerly
anomalies induced by the Indian Ocean basin cooling during LN peak winter, which can promote a faster termi-
nation of EN than LN. They verified this asymmetric Indian Ocean feedback to the asymmetric ENSO decay by
prescribing Indian Ocean SST forcing in coupled model experiments. However, Chen M. et al. (2016) indicated
that the basin-wide SST warming corresponding to zonal dipole pattern of observed rainfall anomalies in the
Indian Ocean induces anomalous westerly winds in the EWP, which is opposite to the Indian Ocean SST forcing
experiment with basin-wide rainfall anomaly. In contrast, the Atlantic feedbacks to ENSO is symmetric between
EN and LN (L. Wang et al., 2017) and may reduce the asymmetry in ENSO decay (An & Kim, 2018).

In addition to atmospheric processes, oceanic processes also play a role in the ENSO decay asymmetry. Chen H.
et al. (2016) suggested that a reversal in the equatorial zonal transport is more effective in terminating the EN
than in terminating the LN. Hu et al. (2017) suggested that meridional gradient of thermocline and off-equatorial
sea surface height anomaly also contribute to the asymmetric decay between EN and LN. Guan et al. (2019)
emphasized the mean thermocline depth across the equatorial Pacific in determining the asymmetry EN and
LN durations. Most of these earlier studies considered the contributions of asymmetric oceanic processes to
the ENSO transition asymmetry from the charged-discharged mechanism of the ENSO dynamics. It is noted
that the charged-discharged mechanism has become less dominant in determining ENSO variability after 2,000,
in concurrent with an increase occurrence of central Pacific EN events (McPhaden, 2012; Neske & McGre-
gor, 2018; Yu et al., 2012). Aside from the charged-discharged mechanism, the seasonal footprinting mechanism
(Vimont et al., 2003) that emphasizes subtropical Pacific air-sea interactions is another important mechanism to
determine ENSO variability and was suggested to play an important role in contributing to ENSO complexity (X.
Wang et al., 2019a, 2019b; Yu & Fang, 2018). However, it is not yet clear how the subtropical air-sea coupling
processes may affect the asymmetric decay between EN and LN. In this study, we explore the role of subtropical
Pacific coupling processes associated with the seasonal footprinting mechanism in the asymmetric decay between
EN and LN. Furthermore, the possible change in the asymmetric EN-LN decay due to global warming is investi-
gated using Coupled Model Intercomparison Project Phase 6 (CMIP6) models.

2. Data Sets and Methods

For the observations, this study uses monthly mean atmospheric data from the National Centers for Environ-
mental Prediction/National Center for Atmospheric Research Reanalysis 1 (NCEP/NCAR-R1) at a resolution
of 2.5° x 2.5° (Kalnay et al., 1996). Monthly SST data is from the Extended Reconstructed SST version 5 at a
resolution of 2° x 2° (Huang et al., 2017). Monthly SSH data is from the German contribution of the Estimating
the Circulation and Climate of the Ocean project at a resolution of 1° X 1° (Kohl, 2015). The analysis period of
this study is from January 1950 to December 2020. Anomalies are defined as departures from the climatological
seasonal cycle averaged over the analysis period after removing linear trends. To project the future change in the
asymmetric ENSO decay and the inter-model variability of the projection, we utilize the historical simulations
and Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) emission scenarios produced by 19 CMIP6 models (see
Table S1 in the Supporting Information S1 for details). The recent 65-year integrations from 1950 in the historical
simulations and the last 65 years from 2036 in the SSP5-8.5 simulations were used for analyses.

Following the NOA A/National Weather Service/Climate Prediction Center, an EN (LN) event is identified when
the three-month running mean value of Nifio3.4 (170°W-120°W and 5°S-5°N) SST anomalies are larger than
0.5°C (smaller than —0.5°C) for at least 5 consecutive overlapping seasons. A total of 25 EN events and 22 LN
events were selected during 1950-2020 (See Text S1 and Table S2 in Supporting Information S1). Following
Yu and Fang (2018), a Multi-variate Empirical Orthogonal Function (MEOF) analysis is used to identify the
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Figure 1. Temporal evolutions of Nifio3.4 indices (°C) for the composite (a) El Nifio (EN) events (EN, thick red line) and (b) La Nifia (LN) (thick blue line) events and
the individual events (gray lines) comprising the composites. (c) The EN-LN asymmetry in the composite Nifio3.4 evolutions (blue line; estimated as the summation

of the two composite evolutions in a and b) and the intensity of the asymmetry (red line; estimated as the skewness of the ENSO events). Temporal evolutions of the
intensity of (d) the charged-discharged mechanism (CD) and (e) the seasonal footprinting mechanism (SF) composited for the EN (red line) and LN events (blue line).
Also shown in the panel is their asymmetric component (black line). Empty circles in (d), (e) indicate the differences significant at the 90% confidence level, based on
the two-tailed Student's £test. On the abscissa, “0™ and “1” refer to the developing and decaying years of EN/LN events, respectively.

charged-discharged and seasonal footprinting mechanisms and their strengths. The MEOF analysis was applied
to the combined anomalies in SSTs, SSHs, and surface winds over the tropical Pacific (122°E—70°W and 20°S—
20°N) for the period 1948-2017 (see Text S2 in Supporting Information S1 for details). The second and third
MEOF modes represent the seasonal footprinting and charged-discharged mechanisms, respectively, and their
corresponding principal components are used to quantify the strengths and phases of the mechanisms. The EWP
region is defined as the area between 150° and 180°E and 5°S—5°N, whereas the subtropical northeastern Pacific
(SNEDP) is defined as the area between 145°W and 115°W and 15°-25°N. Asymmetries between EN and LN are
quantified as the sums of EN and LN composites following previous studies (e.g., Chen, Hu, et al., 2016; Hu
etal., 2017; W. Chen et al., 2014). The skewness of the EN and LN events is calculated to quantify the intensity
of asymmetries (e.g., An et al., 2005; An & Jin, 2004; Burgers & Stephenson, 1999). A series of numerical
experiments were conducted in this study with the Community Earth System Model Version 1.2.2 (CESM1.2.2)
from the National Center for Atmospheric Research (See Text S3 in Supporting Information S1 for the details of
the model configurations).

3. Results
3.1. Asymmetric SST Evolution Patterns Between El Nifio and La Nifia

Figures 1a and 1b show the evolutions of Nifio3.4 SST index composited for the EN and LN from their mature
winter to subsequent summer. Also shown in the figures are the evolutions for the individual events that comprise
the composites. The composite evolution for EN shows a rapid decline of the Nifio3.4 SST index after winter
and changes to an opposite sign in the following summer. This fast decay can be seen in 15 of the 25 EN events
(i.e., 60%) occurred during 1950-2020. Conversely, the composite evolution of the LN shows a slow decay of the
Nifio3.4 SST index with its negative value persists into the following year. This slow decay can be seen in most of
the LN events (i.e., 14 out of the 22 LN events; 63.6%) that occurred during 1950-2020. The asymmetry between
the decay pace of EN and LN is evident during the analysis period. We quantify the asymmetry and its intensity
in Figure 1c by calculating the sum and skewness of the EN and LN composites. This figure indicates that the
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Figure 2. Composite anomalies of sea surface temperature (SST) (shading, °C), 1,000 hPa winds (vector, m s~!), and sea level pressure (contour, hPa) for the La Nifia
events (a—c), the El Niflo events (d—f), and the asymmetries between them (g—i). The evolutions of the anomalies are shown from the peak winter (the top row) to the
following spring (the middle row) and summer (the bottom row). Dotted areas in (a—f) denote SST anomalies above the 90% confidence level. Only composite wind
anomalies exceeding the 90% confidence level are plotted in (a—f). Wind anomalies less than 0.2 m s~! are omitted. Skewness of the asymmetry less than —0.3 are
dotted in (g—i). Contours are plotted for the anomaly values of +0.2, 0.4, +£0.8, +1.4, +£2, and +3 in their corresponding units. On the ordinate, “0” and “1” refer to the
developing and decaying years of the El Nifio-Southern Oscillation events, respectively. The right black box in (a, d, and g) denotes the subtropical northeastern Pacific
(145°W-115°W and 15°-25°N) region, whereas the left black box denotes the equatorial western Pacific (150°-180°E and 5°S-5°N) region.

asymmetry is particularly evidenced in the decaying summer, where large negative values of sum and skewness
of Nifio3.4 SST index appear.

To explore the relative contributions of the charged-discharged and seasonal footprinting mechanisms to the
asymmetric EN-LN decay, the temporal evolutions of the intensities of these two mechanisms during the EN and
LN events are also separately composited and displayed in Figures 1d and le. For the charged-discharged mech-
anism, it has negative values after the peak winter for the EN and positive values for LN, contributing to a fast
decay of both the EN and LN (Figure 1d). The magnitude of this mechanism is comparable between EN and LN,
despite a slightly larger magnitude in the former than in the latter. This is consistent with previous papers (Guan
etal., 2019; Hu et al., 2017). In contrast, the composite intensity of the seasonal footprinting mechanism is much
larger during the LN than during the EN (Figure 1e). This subtropical coupling mechanism has a larger influence
on the decay of LN than on the decay of EN. Interestingly, it has negative values for both the EN and LN meaning
that this mechanism tends to damp the EN but to maintain the LN. Figures 1d and le together suggest that the
seasonal footprinting mechanism plays a more dominant role than the charge-discharged mechanism in causing
the asymmetric decay between EN and LN.

To identify the physical processes that activate the seasonal footprinting mechanism during ENSO to produce
the asymmetric decay, we further contrasted the composite atmospheric and oceanic anomalies between EN and
LN to examine their asymmetries (Figure 2). In the LN composite, an anomalous anticyclone is evident over the
SNEP and persists during the peak winter (Figure 2a). The anomalous northeasterlies in the southeastern flank of
the anticyclone, coupled with cold SST anomalies underneath, gradually extend into the equator in the decaying
spring and maintain themselves over the central equatorial Pacific through the decaying summer (Figures 2b
and 2c). The anomalous anticyclone is part of the Pacific—-North American (PNA) teleconnection (Wallace &
Gutzler, 1981) typically excited by the anomalous heating produced by the ENSO (Guo et al., 2015; Soulard
et al., 2019). In contrast, the EN composites (Figures 2d-2f) indicate that the anomalous northeastern Pacific
cyclone produced during the peak winter of EN weakens rapidly in the following spring and summer.
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The asymmetric atmospheric circulation responses between EN and LN can be attributed to different SST anom-
alies they produce over the SNEP. It is apparent from Figure 2 that LN produces larger SST anomalies over the
SNEP than EN during their peak winters. Hoerling et al. (1997) suggested that the PNA teleconnection excited by
LN exhibits a westward shift pattern compared to that excited by El Nifio due to a similar westward displacement
in anomalous deep convection in the tropical Pacific. Over the SNEP, the La Nina-induced anomalous anticy-
clone is located west of the EN-induced anomalous cyclone. This enables La Nina to produce stronger anomalous
trade winds and cause stronger coastal upwelling and wind-evaporation-SST feedback than EN. As a result, the
cold SST anomalies induced by La Nina over the SNEP are larger than the warm SST anomalies induced by EN.
The asymmetry in the SST responses (Figure 2g) is the largest over the SNEP, where the seasonal footprinting
mechanism originates. We find that this asymmetric SST response is accompanied with an asymmetry in the
500 hPa vertical velocity (see Figure S1 in Supporting Information S1). It indicates that the anomalous cooling
induced by the LN over the SNEP is stronger than the anomalous heating induced by the EN. Therefore, the LN
is more capable than the EN in exciting atmospheric circulation anomalies over the SNEP, which is also evident
in the positive SLP asymmetry shown in Figures 2g—2i. The stronger cold anomaly over the SNEP couples with
the stronger anomalous anticyclone to its west (see Figures 2a and 2b) to extend the cold anomalies southwest-
ward into the equatorial central Pacific. This strong seasonal footprinting mechanism helps to maintain the LN
condition through the decaying summer (Figure 2). The seasonal footprinting mechanism is weak during the EN
due to the weak SST anomalies it produces over the SNEP. Therefore, the EN decays faster during the decaying
summer (Figures 2d-2f).

As mentioned, zonal winds over the EWP also respond asymmetrically to EN and LN SST anomalies (e.g.,
Okumura & Deser, 2010; Song et al., 2022). This is another region in Figure 2g that exhibits large and significant
asymmetries between EN and LN during their peak winter. Negative values appear over the region for both the
SST and wind asymmetries, meaning that the anomalous cold SSTs and easterlies produced by the LN (Figure 2a)
are stronger than the anomalous warm SSTs and westerlies produced by the EN (Figure 2b). The asymmetries
persist from the peak winter to the following spring and summer (Figures 2h and 2i). Okumura and Deser (2010)
indicated that the stronger wind response over the EWP during LN than during EN results from a westward shift
of the atmospheric response to their SST anomalies during peak winter. Because of this westward-shift, the
easterly anomalies over the EWP during La Nina's decaying season are strong enough to counteract the westerly
anomalies induced by the anomalous cyclone over the northwestern Pacific. In contrast, during EN's decaying
season, the westerly anomalies over the EWP balance the easterly anomalies induced by the anomalous anticy-
clone over the northwestern Pacific. As shown in Figures 2a—2c, the LN-induced strong cold SST anomalies and
strong easterly anomalies over the EWP coupled with each other to persist from winter to summer. The strong
easterly anomalies during the decaying phase of the LN can force upwelling oceanic equatorial Kelvin waves
propagating eastward to help maintain cold SST anomalies over the eastern Pacific (An & Kim, 2018; Okumura
& Deser, 2010; Weisberg & Wang, 1997), leading to a prolongation of LN into the next year. In contrast, the
EN-induced weak warm SST anomalies and weak westerly anomalies decline quickly after the peak winter and
cannot help to maintain warm SST anomalies over the eastern Pacific (Figures 2d—2f). It should be noted that, as
a result of larger nonlinear dynamical heating, EN has larger SST anomalies in the equatorial eastern—to-central
Pacific than LN (Duan et al., 2013; Duan & Mu, 2006). The nonlinear dynamical heating associated with SST
anomalies in this region may also cause fast decay of extreme EN (Duan et al., 2009; Wu & Duan, 2012), contrib-
uting to asymmetric decays between EN and LN to some extent.

3.2. Respective Contributions of the SNEP and EWP SST Anomalies to the Asymmetric Decay Between
El Nifio and La Nifha

Our analyses indicate that the contrasting SST anomalies over the SNEP and EWP regions and their associated
atmospheric circulation responses are two key factors contributing to the asymmetric decay between EN and LN.
To identify their respective contributions to the rapid decay of EN and long persistence of LN, we conducted three
sets of 20-member ensemble experiments with the CESM1.2.2: the Control, SNEP, and EWP experiments. We
first conducted a 1200-year preindustrial simulation with the CESM1.2.2 and used the last 200 years to calculate
the model climatology. In the ensemble Control experiment, its 20 members are integrated from the different
initial atmospheric conditions of the LN-EN transition event. The ensemble SNEP experiment was conducted in
a similar way as the Control experiment, except that a Gaussian-shaped negative SST anomaly from December to
following February was imposed in the SNEP region (Figure S2a in Supporting Information S1). A similar SST

CHEN ET AL.

50f9



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL097751

Control Experiment _ SNEP Experiment — _ EWP Experiment

DOJF 1

40N

2 (d) DOJF1 0.8 (g) DOJF1 0.

(0]

20N 77

40N

20N

EQ

120E  150E

S 1 I N N B g
-2.1 =13 -0.3 -0.1 0.1 0.3 1.3 2.1

Figure 3. The differences between the ensemble means of the Control experiment and the climatology of the Pre-Industrial simulation in ocean temperature at Sm
(used as a proxy for sea surface temperature [SST]; shading, °C), sea level pressure (contour, hPa), and 992 hPa winds (vector, m s~!) from the peak winter (a) to the
following spring (b) and summer (c). Panels (d—f) show the ensemble mean differences between the subtropical northeastern Pacific and Control experiments, whereas
(g—i) show the differences between the equatorial western Pacific and Control experiments. Dotted areas denote SST differences above the 90% confidence level. Only
composite wind differences exceeding the 90% confidence level are plotted. Contour interval is 0.5 in (a—c) and 0.2 in (d—i). On the ordinate, “0” and “1” refer to the
developing and decaying years of the El Nifio-Southern Oscillation events, respectively.

anomaly was imposed in the EWP region for the ensemble EWP experiment (Figure S2b in Supporting Infor-
mation S1). The imposed SST anomalies have an intensity in region average of —0.3°C, which were determined
based on the winter SST anomaly asymmetry shown in Figure 2c. Each set of experiments has 20 members and
each member is integrated from a December initial condition to November of the following year.

Figures 3a—3c show the differences between the ensemble mean calculated from the Control experiment and the
climatology of the Pre-Industrial simulation. As expected, the anomalies (i.e., the differences) in the Control
experiment show a transition from a LN in its peak winter to an EN in the following summer. Compared to the
Control experiment, the SNEP experiment confirms that the cold SNEP SST anomalies in winter contribute to
significantly prolong the LN duration into the following spring and summer through the seasonal footprinting
mechanism (Figures 3d-3f). The cold SNEP SST anomalies induce an anomalous anticyclone, which produces
lower-level northeasterly anomalies on its northeastern flank to enhance the climatological trade winds and
local surface evaporation. The wind-evaporation-SST feedback (Xie & Philander, 1994) grows and expands the
cold SNEP SST anomalies southwestward into the equatorial central Pacific during the decaying spring. The
cold SST anomalies in the equatorial central and eastern Pacific get amplified further by Bjerknes feedback
(Bjerknes, 1969) and help maintain the LN condition into summer.

In the EWP experiments, significant easterly anomalies occur in the far western equatorial Pacific as a direct
response to the imposed cold EWP SST forcing in winter (Figure 3g). The anomalous easterlies persist into the
following spring and summer, prohibiting the recovery of the thermocline slope and thus help to prolong the LN
in the decaying summer (Figures 3h and 3i). This experiment confirms that the larger cold SST anomalies in the
EWP enable the LN to decay slower than the El Nifio through tropical oceanic dynamical processes portrayed
by the western Pacific oscillator (Weisberg & Wang, 1997). By comparing the EWP and SNEP experiments, we
notice that the EWP SST forcing has a weaker contribution than the SNEP SST forcing to the maintenance of the
cold SST anomalies in the equatorial central-to-eastern Pacific in subsequent summer (cf. Figures 3i and 3f). It
is interesting to note that the cold EWP SST anomalies can also trigger an anomalous anticyclone and cold SST
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Figure 4. The skewness of sea surface temperature (SST) anomalies over the
subtropical northeastern Pacific (SNEP) (orange bar) and equatorial western
Pacific (yellow bar) in November-December-January and the skewness of SST
anomalies over the Nifio3.4 region (blue bar) in the following May-June-July
during El Nifio-Southern Oscillation events. The skewness is calculated from
the observations (OBS) and the ensemble means of the historical simulations
from the 19 Coupled Model Intercomparison Project Phase 6 (CMIP6) models
listed in Table S1 (Hist-Total), the 6 CMIP6 models in which the skewness

of the SNEP SST anomalies in November-December-January is negative
(Hist-Good), and the SSP5-8.5 simulations with these 6 CMIP6 models
(SSP585-Good). The numbers on the bars denote the percentage of the models
that produce same signs of skewness. On the label, “0” and “1” refer to the
developing and decaying years of El Nifio/La Nifia events, respectively.

anomalies over the SNEP region. This result confirms the suggestion from
Fang and Yu (2020b) that SST anomalies over the tropical western-to-central
Pacific can excite an atmospheric wave train propagating northward to induce
SNEP SST anomalies and to trigger the seasonal footprinting mechanism.
However, the induced SNEP SST anomalies are not strong enough to extend
the subtropical cold SST anomalies into the equator in the following seasons
(Figure 3h). Our results suggest that the EWP SST anomalies can affect the
pace of the ENSO decay through both the tropical thermocline mechanism
and the subtropical footprinting mechanism, although the former appears to
be more important than the latter. These three sets of experiments demon-
strate that the stronger SNEP and EWP SST anomalies during LN than EN
at their peak winter are key factors to cause the asymmetric ENSO decay
through subtropical and tropical Pacific processes, respectively.

3.3. Future Changes in the Asymmetric Decay Between El Nifio and La
Nina

We select a group of six good models (referred to as “Hist-Good™ in Figure 4;
see Table S1 in Supporting Information S1) from the 19 CMIP6 models to
examine their projections under high emissions scenario (SSP5-8.5; referred
to SSP585-Good; hereafter). These six models are capable of simulating
the negative asymmetry in SNEP and EWP SST anomalies during the peak
winter of ENSO in the historical simulation, similar to the observations.
The SSP585-Good models consistently project the SNEP SST skewness to
sharply increase and turn positive in the future warming world, while more
than half of the models project the EWP SST skewness to slightly increase
but remain negative. The projected change of the Nifio3.4 skewness in the
decaying summer has the same sign of the change in the SNEP SST skewness
in the peak winter. This result indicates that the future change in the asym-

metric ENSO decay is likely to be dominant by the influence from the SNEP SST anomalies than the influence

from the EWP SST.

In the observation, the asymmetric decay of ENSO (i.e., the negative skewness of Nifio3.4 SST anomalies during
the ENSO decaying summer) is a result of the fast decay of EN and the slow decay of LN. In the SSP5-8.5
projections, the positive skewness of Nifio3.4 SST anomalies during the ENSO decaying summer may be caused

by a slow decay of EN or a fast decay of LN. Yun et al. (2019) proposed the EN-to-LN transition is unchanged

under global warming. The nonlinear dynamical heating along the equatorial Pacific thermocline is essential

for the generation of strong EN events (Hayashi et al., 2020; Jin et al., 2003). Strong EN events tend to decay

rapidly, as a result of the large nonlinear dynamical heating (Duan et al., 2009; Wu & Duan, 2012). As global

temperatures warm, the nonlinear dynamical heating becomes negligible for strong EN (Kohyama & Hart-

mann, 2017). However, Fang and Yu (2020b) suggested the occurrence of cyclic ENSO transitions (i.e., rapid

transitions between EN and LN) to increase and the occurrence of multiyear ENSO transitions (i.e., slow transi-

tions) to decrease in the future warming world. They imply the decay rate of LN may be speeded up due to global

warming. By evaluating the evolution of the multi-model-mean Nifio3.4 SST anomalies from the SSP585-Good

models (Figure S3 in Supporting Information S1), we find that both the EN and LN exhibit a fast decay after their

mature winter, which explains the reduced asymmetry in ENSO decay. It can be concluded that the SNEP SST

forcing play a crucial role in controlling the ENSO decay asymmetry.

4. Summary and Discussion

The present study identifies the SNEP and EWP as the two key regions where their SST anomalies play a crit-
ical role in controlling the asymmetric decay between EN and LN. SST anomalies over the SNEP and EWP
regions can activate subtropical Pacific coupling processes (i.e., the seasonal footprinting mechanism) and tropi-
cal oceanic dynamical processes (i.e., related to western Pacific oscillator), respectively, to control the decay pace
of ENSO (Figure S4 in Supporting Information S1). In the present climate, the larger SST anomalies produced by
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the LN over these two regions than EN cause the LN to decay slowly and the EN to decay rapidly. CMIP6 models
project that, in the future warming world, the asymmetry in ENSO decay may decrease due to a reduction of the
difference between the EN and LN in the magnitudes of their SNEP SST anomalies. This study has identified
a key source for EN-LN asymmetries in their evolutions and durations that can be further explored to improve
extended ENSO predictions and future projections. Future studies are needed to explain how and why the EN and
LN produce asymmetric of SST anomalies over the SNEP and EWP.
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