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ABSTRACT: Most El Nifio events decay after a peak in boreal winter, but some persist and strengthen again in the fol-
lowing year. Several mechanisms for regulating its decay pace have been proposed; however, their relative contributions
have not been thoroughly examined yet. By analyzing the fast-decaying and persistent types of the events in a 1200-yr cou-
pled simulation, we quantify the key dynamic and thermodynamic processes in the decaying spring that are critical to de-
termining the decay pace of El Nifio. The zonal advection due to upwelling Kelvin wave accounts for twice as much the
cooling difference as evaporation or meridional advection does. The upwelling Kelvin wave is much stronger in the fast-
decaying events than the others, and its strength is equally attributed to the reflected equatorial Rossby wave and the equa-
torial easterly wind forcing over the western Pacific in the preceding 2-3 months. Relative to the fast-decaying events, the
evaporative cooling is weaker but the meridional warm advection is stronger in the persistent events. The former is due to
more meridionally asymmetric wind and sea surface temperature anomalies (SSTA) signaling positive Pacific meridional
mode. The latter results from the advection of equatorial warm SSTA by climatological divergent flow, and the warmer
SSTA persists from the mature stage subject to weaker cloud-radiative cooling in response to the central-Pacific-type
SSTA distribution in the persistent events relative to the fast-decaying events. Our result consolidates the existing knowl-

edge and provides a more comprehensive and physical pathway for the causality of El Nifio’s diverse duration.
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1. Introduction

El Nifio—Southern Oscillation (ENSO) is an atmosphere—
ocean coupled phenomenon over the tropical Pacific with its
warm (El Nifio) and cold (La Nifia) phases reoccurring every
few years, and it has a profound impact on the global climate
(e.g., Rasmusson and Carpenter 1982; Ropelewski and Halpert
1987; Trenberth et al. 1998; Li and Hsu 2017). ENSO’s growth
is largely modulated by the seasonal cycle (Jin et al. 1994;
Tziperman et al. 1994; Li 1997; Tziperman et al. 1997; Stein et al.
2010); an El Nifio event usually develops in boreal summer and
fall with positive Bjerknes feedback (Bjerknes 1969), peaks in
winter, and decays in spring.

From a linear perspective of the delayed oscillator (e.g.,
Suarez and Schopf 1988; Battisti and Hirst 1989) and the re-
charge—discharge oscillator (Jin 1997; Li 1997; Meinen and
McPhaden 2000), El Nifio grows with positive Bjerknes feed-
back (Bjerknes 1969), while the key to its phase transition lies
in the delayed negative feedbacks from oceanic response to
the anomalous winds in the development stage. The delayed
oscillator theory emphasizes the role of oceanic Rossby wave
that is reflected at the western boundary to the equator as
Kelvin waves to reverse ENSO’s phase, while the recharge—dis-
charge oscillator highlights the variation of basin-integrated
warm water volume (WWYV) resulting from meridional
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Sverdrup transport. Some other processes can also facilitate
the abrupt termination of El Nifio events. For instance,
Weisberg and Wang (1997) and Wang et al. (1999) sug-
gested easterly wind anomalies on the equatorial flank of an
El Nino-induced anomalous anticyclone over the western
North Pacific (WNPAC; e.g., Wang et al. 2000; Wang and
Zhang 2002; Wu et al. 2017a,b) can induce upwelling Kelvin
waves that propagate to the equatorial eastern Pacific and end
the positive feedback. H.-C. Chen et al. (2016) demonstrated
the reversal of zonal transport due to a change of meridional
concavity of the thermocline structure associated with downwel-
ling Kelvin waves reflected at the eastern boundary can sharply
terminate the warm event. Some other studies (Harrison 1987;
Harrison and Vecchi 1999; McGregor et al. 2012, 2013) found
that tropical zonal wind anomalies become asymmetric about
the equator in the El Nifio mature phase, and that the south-
ward shift of westerly wind anomalies is essential in strong
El Nifio’s drastic turnabout by causing oceanic dynamic re-
sponse. This interaction involves the establishment of South
Pacific convergence zone (SPCZ) in winter, so its spectrum falls
in a near-annual period as a combination mode (harmonic) of the
interannual variability (ENSO) and annual cycle (e.g., Stuecker
et al. 2013). The combination mode describes not only EN-
SO’s fast termination and its seasonal phase-locking behav-
ior, but also other climate impacts such as WNPAC (Stuecker
et al. 2015).

In addition to dynamic processes, Dommenget and Yu
(2016) showed that the negative sea surface temperature
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(SST)-shortwave radiation—cloud feedback acts to dampen
ENSO in the beginning of the year when springtime climato-
logical SST over the equatorial eastern Pacific is the warmest
and more favorable for deep convection to develop. By diag-
nosing the oceanic mixed layer budget with observational
data, M. Chen et al. (2016) demonstrated that both the dy-
namic (3D temperature advection) and thermodynamic (e.g.,
shortwave and latent heat flux) processes are crucial in caus-
ing El Nifio’s more rapid termination than La Nifa’s.

Most observed El Nifio events rapidly decay to the neutral
or opposite phase after the mature stage, but still about a
third of events have an extended warm period into the second
winter (Wu 2018; Wu et al. 2019; Lee et al. 2020), such as
2014-16 (e.g., Menkes et al. 2014; McPhaden 2015; Min et al.
2015 Maeda et al. 2016; Levine and McPhaden 2016; Chen
et al. 2017). Through analysis of observation episodes, Lee
et al. (2020) documented that the onsets of SST and equato-
rial westerly wind anomalies in persistent El Nifio events are
later than those of the single-year event composite by about a
season. Analyzing both model and observation data, Wu et al.
(2019) showed that there exists an overall linear relationship
between El Nifio’s onset timing and duration despite a large
variability. Wu et al. (2019) proposed that the delayed onset
leads to a later arrival of the negative oceanic feedback (de-
layed oscillator), while Lee et al. (2020) showed that in associa-
tion with the later onset, the discharge of warm water volume
(WWYV) by equatorial cyclonic wind anomalies in the develop-
ing and mature stages was insufficient to overturn the warm con-
dition in the equatorial central-eastern Pacific. As for the reason
for the later onset, Lee et al. (2020) found that 4 of 5 observed
prolonged El Nifios were accompanied by a strengthened cross-
hemisphere SST gradient and cross-equatorial southerly anoma-
lies over the tropical eastern Pacific during development seasons,
which might prohibit the equatorward migration of the inter-
tropical convergence zone (ITCZ) and disrupt the positive
Bjerknes feedback (Bjerknes 1969) in the zonal direction and
cause slower growth.

Besides the coupled processes mentioned above, a rapid or
slow decay of ENSO involves interaction of the equatorial
Pacific with the Indian Ocean. Previous studies have shown
the abrupt wind reversal over the equatorial western Pacific
in El Nifio’s mature stage associated with the demise of posi-
tive IOD (pIOD) in the preceding autumn can accelerate El
Nifio’s decay (Kug and Kang 2006; Izumo et al. 2010, 2016).
Wau et al. (2019) and Kim and Yu (2020) also found distinctive
differences in the equatorial zonal wind anomalies over the
equatorial western Pacific during the decaying stage between
single-year and persistent El Nifio events. Wu et al. (2019) at-
tributed the different equatorial western Pacific zonal winds
to the interbasin SST gradient, which arises from stronger or
weaker Indian/Atlantic Ocean responses to earlier or later El
Nifio’s onsets, whereas Kim and Yu (2021) found El Nifio
events with a more eastern onset location of SST are more ca-
pable of activating Indo-Pacific interactions via anomalous
Walker circulation.

Extratropical variability such as the Pacific meridional
mode (PMM; Vimont et al. 2001, 2003a,b; Chiang and Vimont
2004; Chang et al. 2007; Zhang et al. 2009; Alexander et al.
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2010; Yu et al. 2010; Anderson et al. 2013; Larson and
Kirtman 2013; Di Lorenzo et al. 2015) in the decaying stage
can affect El Nifio’s evolution as well. Wu et al. (2019) noted
that the pattern of extratropical wind difference between
single-year and persistent El Nifio resembles the North Pacific
Oscillation (NPO), whereas Kim and Yu (2020) showed that
the negative phase of the NPO occurs more frequently in the
mature winter of prolonged El Nifio events. Ding et al. (2022)
demonstrated that the CP-type El Nifio and NPO can feed
back on each other and result in multiyear El Nifio.

Although several mechanisms have been proposed for
ENSO decaying as reviewed above, we still do not have con-
vincing enough evidence to reach conclusive understanding
due to limited events and large diversities of ENSO observa-
tion. In this study, we look at 244 El Nifio events from
a 1200-yr preindustrial control (piControl) simulation of
National Center for Atmospheric Research (NCAR) Com-
munity Earth System Model, version 2 (CESM2; Danabasoglu
et al. 2020), from phase 6 of the Coupled Model Intercompari-
son Project (CMIP6; Eyring et al. 2016) to investigate mecha-
nisms for fast-decaying, slow-decaying, and persistent El Nifio
groups. The goal of this study is to perform an in-depth compar-
ison of the processes between different decay types of El Nifio
by quantifying the relative roles of these processes and explain-
ing the corresponding mechanisms in regulating the decay paces
of El Nifio.

This paper is organized as follows. Section 2 documents
data and methods, section 3 shows the overall evolutions of
El Nifo of different duration types, and in section 4 we ana-
lyze the mixed layer heat budget. After sections 3 and 4 reveal
the critical role of upwelling Kelvin waves in the decaying
stage, then section 5 explores the factors controlling the
strength of upwelling Kelvin waves. Section 6 is a summary,
and section 7 provides discussion.

2. Data and methods

The 1200-yr piControl simulation of NCAR CESM2
(Danabasoglu et al. 2020) from CMIP6 is used in this study for
a large sample size of El Nifio events. CESM2 is able to simu-
late the mean climate state over the tropical Pacific, ENSO’s
spatial and temporal features, and the dynamics of recharge—
discharge oscillator reasonably well, despite a bias of larger
equatorial Pacific SST variability (Capotondi et al. 2020).

El Nifio events are identified by the 3-month running mean
Nino-3.4 index, which is SST anomalies averaged over
170°-120°W, 5°S-5°N. A warm period is defined when the in-
dex is continuously positive, and an El Nifio peak is defined at
local maximums when the index is above 0.7 standard devia-
tions (~0.78°C in CESM2) for more than 5 consecutive
months. This criterion corresponds to 0.63°C in 1981-2010 Ex-
tended Reconstructed SST version 5 (ERSSTv5; Huang et al.
2017). Within one warm period, if there are two adjacent
peaks at an interval equal to or less than 12 months, they are
considered to belong to the same “persistent” event. The rest
of them are “fast-decaying” or “slow-decaying” types. Those
whose index turns negative before the summer past the peak,
June-August' (JJA'), are categorized as the fast-decaying



15 SEPTEMBER 2023

group; those whose index remains above zero until JJA! are de-
fined as the slow-decaying events. Additionally, 10 events with
more than two neighboring peaks in a warm period are discarded
in this study. There are 244 El Nifio events in the 1200-yr simula-
tion, and they consist of 107 (44%) fast-decaying, 89 (36%) slow-
decaying, and 48 (20%) persistent events.

In comparison, Wu et al. (2019) selected 0.75 and 0.5 stan-
dard deviations for the first and second peaks, respectively, in
any month from October to the following February, while
Kim and Yu (2020) only considered the weak events with the
first peak between 0.5 and 1.0 standard deviation in December.
Our detection method is seasonally independent and does not
assume whether the first peak is strong or weak, but the thresh-
old is higher.

The mixed layer heat budgets are analyzed in section 4 to
quantify the relative importance of each process. The budget
terms are decomposed as (Hong et al. 2008; Su et al. 2010; M.
Chen et al. 2016; Chen et al. 2017)

T’ LT 0T 0T  _aT’
=y _ _ _

— = VvV——WwW-——1Uu
ot ax ay 0z ox
_oT _oT’ ,0T" LT LT
- v % —u - v -
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+ : 1)
pseanH

The overbar denotes climatology, and the prime denotes
anomaly; T is the oceanic temperature; (u, v, w) represents
three-dimensional currents; LW, SW, LH, and SH represent
surface longwave, shortwave, latent heat, and sensible heat
fluxes, respectively; and constants ps., and C, are density
(10° kg m %) and specific heat (4000 J kg ™' K1) of seawater,
respectively. The mixed layer depth H is defined as the depth
where temperature is 0.5°C cooler than the surface, which
varies with time and space, and is between 25 and 75 m over
the Nifio-3.4 region. The budget terms are integrated from
surface to the mixed layer depth and averaged over the Nifio-3.4
region.

To investigate the mechanisms associated with the zonal
component of advective cooling/warming, the geostrophic
(1g) and Ekman (u.) components of zonal currents are esti-
mated as (Su et al. 2010)

g 9*h 1 ra*+ By

u - and u, = .
g deZ ¢ pseaHl ”3 + (By)z

@

In Eq. (2), (7%, 7¥) are two-dimensional surface wind stresses,
and 4 is thermocline depth. The constant g’ is the reduced
gravity acceleration (0.026 m s~2), B is the Rossby parameter
(2279 X 107 m™ ! s7Y), pyeq is seawater density (10° kg m ™),
H, is the Ekman layer depth (50 m), and r, is the dissipation
rate (0.5 day ™ !).

The contribution of latent heat is also estimated by bulk
formula, and is decomposed into specific humidity gradient
term, wind speed term, and nonlinear term as
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LH' ~ [—p,C,U(Q, — O)I

=—p,C,U(Q, — Q) = p,C,U(Q, — Q)
~p,C,U'(Q, — 0. 3)

The terms U, Q, and Q, represent surface wind speed (m s~ 1), spe-
cific humidity (kg kg~ 1), and saturation specific humidity (kg kg™ ),
respectively. The constant py is air density (1 kg m™2), C, is the
drag coefficient (13 X 1073), and L, is the specific latent heat
capacity (2.5 X 10°J kg™Y).

Following Boulanger and Menkes (1995), the oceanic equa-
torial waves are spatially filtered by projecting the anomalies
on the theoretical meridional structure derived from the shal-
low water system on a beta plane. These theoretical structures
are linear combinations of normalized Hermite polynomials
¥, For a Kelvin wave, its structure of zonal velocity and geo-
potential height is RA™:

1
Ry = —Z%(Y), (4.1)

\/_

For a Rossby wave, we only consider the gravest mode, and
its zonal velocity and geopotential height structures are RY
and R, respectively:

11

Ry = @[@ () — ¥, (v)| and (42)
po LD

R \5[ ‘/5'1’2()’) + l!fo(y)]. (4.3)

The gravity wave speed (C) is 3.0 m s~ !, and the projection is
calculated from 15°S to 15°N.

Anomalies are calculated as the deviation from 1200-yr
mean climatology, and the linear trend over the whole period
is removed. The 20°C-isotherm depth (D20) is taken as the
proxy for thermocline depth. The anomalies and heat budget
are calculated on the model’s native grid and interpolated to a
1° X 1° longitude-latitude grid for plotting. The year before
the winter of El Nifio’s first peak (i.e., developing year) is de-
noted by 0, as the superscript in year”. Bootstrap resampling
with a size of 10000 is used to test whether the difference be-
tween each type is statistically significant and to calculate the
confidence interval.

3. Overall evolutions of El Nino of different
duration types

The Nifio-3.4 SST anomalies in all of the three groups of El
Nifio grow in summer and autumn (June’-November®) and
reach their maximums in boreal winter (December’—January';
Fig. 1a); although they have distinct event durations, their
growth rates appear to be modulated by the seasonal cycle. By
definition, the fast-decaying group rapidly diminishes before
the ensuing summer (JJA'), the slow-decaying group gradually
weakens to a neutral condition, and the persistent group per-
sists into the next winter (December'-February®; D'JF?). The
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FI1G. 1. The composite evolution of fast-decaying (blue), slow-decaying (black), and persistent (red) El Nifio events

in (a) the Nifio-3.4 index, (b) the surface zonal wind stress anomalies averaged over the equatorial western/central
Pacific (120°E-120°W, 2°N/S), (c) the tilting mode of thermocline defined as the D20 anomalies averaged over the
equatorial eastern Pacific (155°-80°W, 2°N/S) minus that averaged over the equatorial western Pacific (120°E-155°W,
2°N/S), (d) the warm water volume calculated as the D20 anomalies averaged over the equatorial Pacific basin
(120°E-80°W, 2°N/S), (e) the surface zonal wind stress anomalies averaged over the equatorial far western North
Pacific (120°-150°E, 0°-5°N), and (f) the strength of WNPAC defined as streamfunction anomalies averaged over the
far western North Pacific (120°~150°E, 0°~15°N). The color shading shows the 0.99 confidence interval in each type.
The dots denote where the difference from the fast-decaying group is significant at 0.99 confidence level. The vertical

thick lines denote Septembero, December’, March'!, and June'.

persistent group is still phase-locked to the seasonal cycle in
year 1 and 2 as it slightly weakens in March-May' (MAM"),
reintensifies in the following autumn [September-November'
(SONY)], reaches another peak in December', and decays in
the succeeding spring (MAM?). Also, the evolutions of Nifio-
3.4 SST (Fig. 1a), equatorial westerly (Fig. 1b), and thermo-
cline tilting (Fig. 1c) on the basin scale are nearly in phase
with one another regardless of the duration types, indicating
the fundamental role of Bjerknes feedback (Bjerknes 1969)
for the ENSO dynamics. Here, we define SON®, DYF°, and
MAM! as the growth, mature, and decay stages, and they are
demarcated by the thick vertical lines in Fig. 1.

The WWYV index indicates that the equatorial Pacific is in
the recharged state during the development year in all groups
(Fig. 1d). However, the preconditioning effect of the WWV
for different types is indistinguishable, as their differences are
not significant before June® (except for December?). Never-
theless, after Septembero, it becomes clear that the discharge
is faster and earlier in the fast-decaying group than the slow-
decaying and persistent ones.

The significant differences in Nifio-3.4 indices occur not
only after the mature stage but also during the growth stage
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(Fig. 1a). In year’, the fast-decaying group is stronger than
the others, and its onset is relatively earlier by 3-4 months,
which is consistent with Wu et al. (2019) and Lee et al. (2020).
It induces stronger equatorial Pacific westerly wind anomalies
as it develops earlier (Fig. 1b), and it is accompanied by a
pIOD response over the Indian Ocean in the growth stage
(Fig. 2a), which further enhances the equatorial Pacific
westerly wind anomalies by strengthening the anomalous
atmospheric cooling over the “Maritime Continent” and the
heating over the central Pacific (Fig. 2j). In response to the cy-
clonic wind stress curls associated with the equatorial Pacific
westerly wind anomalies, equatorial upwelling Rossby waves
are excited and the thermocline shoals in the equatorial west-
ern Pacific (Fig. 2j). The weaker Pacific cold tongue induces
the anomalous equatorward flow (Fig. 2a) and the southward
shift of the Pacific ITCZ as shown by negative D20 anomalies
along ~6°N and the associated rainfall anomalies (Fig. 2j).
Also, the oceanic heat content begins to decrease over the
equatorial western Pacific. For the persistent group, in con-
trast, both El Nifio and pIOD SST anomalies are less promi-
nent in the growth stage (Figs. 2b,c), the suppressed
precipitation over the Maritime Continent is less organized,
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FIG. 2. Composite SST (K) (shading), 850-hPa streamfunction (contours), and surface wind stress (vector) anomalies for (left) fast-
decaying events and (center) persistent events, and (right) their differences, during (a)-(c) SON?, (d)(f) D°JF!, and (g)-(i) MAM'. Con-
tours are plotted at =(1, 2.5, 4) X 10* N m~> for fast-decaying and persistent groups and *(0.5, 1.5, 2.5) X 10* N m* for the difference,
with positive values in gray and negative values in blue. (j)—(1) D20 (m) (shading), precipitation (contours), and surface wind stress
(vector) anomalies in SON’. Contours are plotted at =1 and +3 mm day ™', with positive values in green and negative values in brown. In
(¢), (f), (i), and (1), the shading and vectors are shown only where the differences are statistically significant, and the stippled area marks
where the difference of contours is statistically significant at 0.99 confidence level.
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FIG. 3. The (a),(b) first and (c),(d) second EOF modes of SST anomalies over the equatorial Pacific (120°E-80°W,
10°N/S) during D°JF'. The bars in (a) and (c) are the averages of the principal components (std) in fast-decaying
(blue), slow-decaying (gray), and persistent (red) groups, and the error bars represent the 0.99 confidence interval.
The double asterisks indicate that the composite mean is significantly different from the fast-decaying group at the
0.99 confidence level. The EOF patterns (K std ') are shown in (b) and (d), and the percentages of the explained var-

iance are shown in the panel titles.

the equatorial Pacific westerlies are weaker, and the upwelling
Rossby waves are relatively unclear (Figs. 2k,1).

Note that the zonal wind anomalies over the equatorial far
western North Pacific in the mature and decay stages remain
positive in the persistent group but turn negative in the fast-
and slow-decaying groups (Fig. le). For the fast-decaying
group, WNPAC enhances from the growth to the mature
stage (Fig. 1f) such that easterly wind anomalies on its south-
ern flank (Figs. le and 2a,d) reduce the western-central Pacific
westerly response to the warm Nifio-3.4 SST (Fig. 1b).
WNPAC appears weaker in the persistent group (Fig. 1f) and
its zonal coverage is more limited to the west of 120°E in the
mature stage (Fig. 2e). Such differences are consistent with
the maintenance of WNPAC by the wind—evaporation—SST
coupling (Wang et al. 2000; Wang and Zhang 2002) and the
meridional moisture static energy transport (Wu et al.
2017a,b), as the cold SST and northerly wind anomalies over
the tropical western North Pacific induced by El Nifno are
weaker in the persistent group (Figs. 2e,f).

The empirical orthogonal function (EOF) of the tropical
Pacific (120°E-80°W, 10°N/S) SST anomalies is used to ana-
lyze El Nifio’s spatial diversity (Takahashi et al. 2011). We
note that El Nifio events of the shorter duration group tend to
be the eastern Pacific (EP) type and those of the longer

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/16/24 09:15 PM UTC

duration group to be the central Pacific (CP) type. The first
EOF mode (Figs. 3a,b) represents El Nifio’s magnitude and
the second mode represents its spatial diversity (Figs. 3c,d).
The relative amplitudes of the first principal component (PC1;
Fig. 3a) among each group are analogous to the Nifio-3.4 index
(Fig. 1a), while the second mode indicates the warm SST
anomaly is centered more toward the east in the fast-decaying
group and the west in the persistent group (Figs. 3c,d).

In the decay stage, in addition to the persistent WNPAC,
the difference pattern between the fast-decaying and persis-
tent groups resembles the positive phase of PMM (Fig. 2i),
with relaxed trade winds and the underlying warmer SST cou-
pled in the subtropical eastern North Pacific. Previous studies
have emphasized the role of the positive PMM in El Nifio’s
initiation (e.g., Vimont et al. 2001), and here we show that the
positive PMM also favors the prolonged lifetime by reinforc-
ing tropical westerly wind anomalies.

After the mature stage, the shoaling signals at the equator
propagate eastward across the basin and reach the eastern
coast of the Pacific Ocean in the fast-decaying group (Fig. 4a).
On the other hand, the equatorial thermocline anomalies in
the persistent group (Fig. 4c) last from the latter half of year”
through year' in the persistent group. In the slow-decaying
group, shallower thermocline depth anomalies also propagate
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FI1G. 4. D20 anomalies averaged over 2°S-2°N as a function of time and longitude for (a) fast-decaying, (b) slow-decaying, and
(c) persistent events.

eastward and reach the eastern boundary in summer but are
relatively weaker in comparison with the fast-decaying group
(Fig. 4b). The distinct evolutions of thermocline depth anom-
alies in the decaying stage indicate that the strengths of up-
welling Kelvin waves and WWYV discharge vary from type to

type.

4. Mixed layer heat budget analysis

Over the Nifio-3.4 region, the evolutions of mixed layer
temperature and SST anomalies are nearly identical (not
shown), so it is reasonable to analyze the processes regulating
the SST decay paces with the mixed layer heat budgets. The
negative SST tendency emerges in the mature stage and at-
tains the largest cooling rate in the decay stage among all
three types (Fig. 1a). When the seasonal-dependent instability
becomes more favorable for positive feedback in the follow-
ing summer and autumn (e.g., Tziperman et al. 1997), the cold
state in the fast-decaying group begins to develop and the pro-
longed warm state in the persistent group strengthens again.
Note that although the fast-decaying type features the warm-
est Nifio-3.4 index in the peak, it is also accompanied by the
greatest cooling rate in the decay stage causing its phase tran-
sition. Hence, the mixed layer temperature change in the de-
cay stage is crucial in determining whether the phase
transition of El Nifio can occur or not, and we will explore the
processes corresponding to the heat budget in this section. In
the next section, we will further examine why the negative
feedbacks are more pronounced in the events of stronger
amplitude.

The mixed layer temperature tendencies differ the most in the
decay stage, with values of —0.31, —0.14, and —0.01 K month™!
for the fast-decaying, slow-decaying and persistent groups,
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respectively (Fig. 5). In the fast-decaying group, the cooling ten-
dency is mainly attributed to the thermodynamic processes that
are mostly caused by shortwave damping (Fig. 5a). The net ad-
vection is negligible as a result of the cancellation between
cooling by the zonal transport term (—u'T ) and the warming
by the meridional temperature gradient (—v7,) and meridional
nonlinear (—v'7}) terms. In the persistent group, the cooling by
the zonal transport term (—u’T ) is near zero, but the warming
by the meridional temperature gradient term (—v77) contrib-
utes to the advection warming that is offset by the thermody-
namic damping, resulting in the nearly zero temperature
tendency. The Ekman feedback (—w’TZ) and thermocline feed-
back (—w'T,) are relatively weak here. They are found to be
more prominent in summer and autumn (e.g., M. Chen et al.
2016) when the climatological thermocline is shallower (Li and
Philander 1996; Philander et al. 1996), and they do not vary
much among the three types (not shown).

The distinct budget differences between the fast-decaying
and persistent groups result from both dynamic and thermo-
dynamic processes (Fig. 5d); the zonal transport term
(—«'T ) dominantly contributes to ~48% of the difference,
while the latent heat flux (~24%) and the meridional tem-
perature gradient (—v7); ~20%) terms play a secondary
role. Intriguingly, the zonal transport (—u’T ) and latent
heat flux terms are also dominant in contributing to El Nifio’s
faster decay than La Nifia’s (M. Chen et al. 2016; see their
Table 1). In contrast, the budget difference between the fast-
and slow-decaying group is mainly attributed to the dynamic
process by the —u’T term while the thermodynamic damp-
ing rates are relatively similar (Figs. 5a,b). Next, we will ex-
plore the reason behind the variations in —u’Tx, latent heat,
and —vT] terms.
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FIG. 5. The mixed layer temperature budget terms for (a) fast-decaying, (b) slow-decaying, (c) and persistent types of El Nifio in the
Nifio-3.4 region (170°~120°W, 5°S-5°N) during MAM', and (d) the difference between (c) and (a). Here “sum” represents the sum of all
of the terms in Eq. (1), “adv” represents dynamic processes, which is the sum of the first nine terms in Eq. (1), and “therm” represents
thermodynamic processes, which is the sum of the last four terms in Eq. (1). The error bars in (a)-(c) show the ranges of the first and third
quartiles in each type. In (d), double and single asterisks denote where the difference is statistically significant at the 0.99 and 0.9 confi-

dence level, respectively.

The magnitude of the zonal transport term (—u'7T ) is de-
termined by the zonal current anomalies shown in Table 1. In
the decay stage, the subsurface cold temperature anomalies
extending from the western Pacific indicate upwelling Kelvin
waves, which are relatively weaker in the slow-decaying and
persistent groups (Fig. 6). They shoal equatorial thermocline
depth (Fig. 4). The meridional concavity of thermocline depth
changed by the upwelling Kelvin waves can induce geo-
strophic currents [Eq. (2)]. The geostrophic component (i)
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dominates the current anomalies as the zonal wind stress and
the Ekman component (u,) are still eastward in this season.
The filtering by the equatorial wave meridional structures
[Egs. (4.1) and (4.2); Boulanger and Menkes 1995] indicates
that the Kelvin wave component causes greater current differ-
ences among types than the Rossby wave component. The rel-
atively stronger Rossby wave component in the persistent
group might result from its more symmetric wind pattern
about the equator than the other groups during the mature
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TABLE 1. The currents and surface wind stress averaged over 120°-170°W, 5°S-5°N in MAMY; u, Ug, Ue, T, UKelviny ANA URossby
represent the composite mean zonal current, estimated geostrophic component, estimated Ekman component, surface zonal wind
stress, Kelvin wave—filtered component, and Rossby wave—filtered component, respectively. Equation (2) is used for the estimation of

Ekman and geostrophic currents, and Egs. (4.1) and (4.2) are the meridional structures used to filter Kelvin and Rossby waves,

respectively.

u(1072?ms™) u, (107°ms™) u (1072ms™) 7 (102NmM ) tgewin 1072 ms™")  Uresshy (1072 m s™)

Fast decaying —-13.7 -94 0.4
Slow decaying -3.7 —6.4 1.0
Persistent 2.1 3.7 1.3

0.5 -12.2 -21
0.9 -2.9 2.3
1.0 2.3 4.0

and decay stages (Figs. 2d—i.) It is concluded that the distinct
zonal transport term (—u’Tx) results from the Kelvin wave—
induced current anomalies.

The latent heat flux anomalies can be estimated with the
bulk formula and decomposed to the specific humidity gradi-
ent, wind speed, and nonlinear terms [Eq. (3)]. The specific
humidity gradient term plays a damping role in all three
groups (Figs. 7a—c), as El Nifio’s warm SST anomalies en-
hance the gradient with increased surface saturation specific
humidity and causes more evaporation. However, this cooling
effect is largely offset by the wind speed term in the persistent
and slow-decaying groups (Figs. 7b,c). In the persistent group,
the tropical westerly wind anomalies are relatively symmetric
about the equator and suppress the evaporation by reducing

__vAY! [U, Wr10!, T Angm] 5°S-5°N
Om == SIS S =S =
1 < € 5]
< € & & & -

,.aa-ﬂ’.ﬂ’f"]‘

‘¥
\.;,_>_>a>~;)z 2.
—

(a) fast-decaving

(b) slow-decaying
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I

100m

150m -\ °
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200m
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FIG. 6. The zonal-depth cross section of oceanic current (vectors)
and temperature (contours; K) anomalies averaged over 5°N/S for
(a) fast-decaying, (b) slow-decaying, and (c) persistent event com-
posites during MAM'. The negative and positive contours are blue
and red, respectively. The vertical current is multiplied by a factor
of 10*.
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the climatological trade wind speeds (Fig. 7¢). In comparison,
the feature of the southward shift of westerly wind anomalies
(e.g., McGregor et al. 2012, 2013) is more pronounced in the
fast-decaying group. Its tropical wind pattern is relatively
asymmetric, being northeasterly in the north and northwest-
erly in the south crossing the equator (Fig. 7d). This differ-
ence pattern in winds and latent heat fluxes (Fig. 7f) appears
coupled to the underlying SST, resembling the positive phase
of PMM (Fig. 2i), and the associated wind speed anomalies
counteract the latent heat damping.

The meridional temperature gradient term (—v7}) exerts
positive feedback because the mean meridional flow diverges
poleward on the upper branch of the subtropical cell (STC;
McCreary and Lu 1994) and amplifies the SST anomalies cen-
tered at the equator. The warm SST in the fast-decaying
group is weaker than the others during the decay stage
(Fig. 1a). As a result, the meridional temperature gradient
term (—v7}) during the decay stage is less capable of main-
taining the warm SST in the fast-decaying group (Fig. 5). To
understand what controls the strengths of El Nifio’s warm
SST in the decay stage, we need to further trace back to the
heat budget in the mature stage.

In the mature stage, the fast-decaying group has a stronger
cooling tendency (—0.12 K month™"') than the slow-decaying
(—0.03 K month™!) and persistent groups (0.00 K month ™),
and it is dominated by the larger cloud-shortwave cooling in
the fast-decaying (—0.22 K month™!) than in the slow-decaying
(—0.12 K month™') and persistent groups (—0.05 K month ™).
In the tropics, the pattern of decreased shortwave radiation
anomalies closely follows the distribution of increased precipi-
tation anomalies as a shadowing effect by clouds (Figs. 8a—c).
As the fast-decaying group tends to be the EP type (Fig. 3), its
warm SST and positive precipitation anomalies extend more
eastward, and it enhances the shortwave damping more than
the other groups (Fig. 8). As a result, the Nifio-3.4 anomaly
in the fast-decaying group exhibits a large negative tendency
from the mature to decay stage (Fig. 1a). This negative SST—
cloud-shortwave radiation feedback in the mature stage leaves
its impact on the cooling difference in the decay stage via the
meridional temperature gradient (—v 7)) term (Fig. 5).

5. Factors controlling the strength of upwelling
Kelvin waves

In section 4, the zonal transport term (—u’Tx) dominant in
the mixed layer temperature budget difference (Fig. 5) is
caused by the zonal current anomalies associated with
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FIG. 7. Latent heat flux anomalies (LH’) in the Nifio-3.4 region (170°~120°W, 5°S-5°N) during MAM, giving LH’, bulk formula estima-
tion [~poC,U(Qs — Q)], and decomposition as specific humidity gradient [—p,C,U(Q, — Q)'], wind speed [—p,C,U’(Q, — Q), and
nonlinear [—poC,U'(Qs — Q)] (W m™2) terms averaged for the (a) fast-decaying, (b) slow-decaying, and (c) persistent groups. Mean val-
ues are shown as thick color bars, and the 99% confidence intervals are shown as thin error bars. Also shown are composite wind speed
(shading; m s™1) and surface wind stress (vectors) anomalies in MAM' for (d) fast-decaying and (e) persistent event composites,
and (f) their difference. Red shadings are reduced wind speeds that act to heat up oceanic temperature, and blue shadings are enhanced
wind speeds that act to cool down oceanic temperature See also Eq. (3) for decomposition.

upwelling Kelvin waves (Fig. 6; Table 1). The upwelling Kel-
vin wave can result from reflected equatorial Rossby waves
induced in the developing seasons (Fig. 2j) or equatorial east-
erly wind anomalies emerging from the western Pacific as
WNPAC strengthens (Fig. 2d). As they represent delayed re-
sponse to El Nifio’s wind anomalies, they are more prominent
in strong events causing more drastic event termination. In
this section, we quantitatively compare the reflected waves
and direct wind forcing in El Nifio events. To identify Kelvin
waves, first, we project D20 anomalies on the meridional
structure of the theoretical Kelvin wave over 15°S-15°N
[Eq. (4.1)]. The D20 field reconstructed from the spatial filter-
ing is shown in Fig. 9, and it shows that from the mature to de-
cay stage, the thermocline depth over the equatorial eastern
Pacific is raised by about 10-15 m in the fast-decaying group,
but only about 5 m in the persistent group (Figs. 9g,h). This
change over time is considered the accumulation of shoaling
by Kelvin waves. We define the proxy for Kelvin wave
(D20kervin) as the reconstructed D20 field averaged over
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150°-90°W, 15°S-15°N in MAM' minus D°JF", where the fast-
decaying and persistent groups show the greatest contrast.

Next, from each El Nifio event, the Kelvin wave proxy
forms a series. We calculate the correlations of the Kelvin
wave proxy series with the reconstructed fields of D20
[filtered by the Rossby wave structure; Eq. (4.3)] and surface
zonal wind stress [filtered by the Kelvin wave structure;
Eq. (4.1)] at different lead months (Figs. 10 and 11). These
correlation maps are used to identify the key regions and tim-
ing of equatorial Rossby waves and equatorial easterly wind
anomalies.

The equatorial Rossby waves associated with the Kelvin
wave proxy emerges along ~6°N from late summer
(~August®) over the western-central Pacific, and grow to their
peaks in the El Nifio’s mature stage (~January'-February';
Figs. 10a-i). As for the zonal wind stress anomalies associated
with the oceanic Kelvin wave proxy, the positive correlations
develop over the equatorial far western Pacific around late au-
tumn (~November”) and reach full strength in late winter
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decaying, slow-decaying, and persistent events, respectively.

(~February'; Figs. 11a-1). The area of positive correlations
continues to expand eastward toward the central Pacific in the
subsequent seasons.

Based on the lead correlation patterns, the index for the re-
flected waves (D20gossby) is defined as the reconstructed D20
field averaged over 130°E-180°, 15°N/S in D°JF! (Fig. 10j),
and the index for the wind stresses (7y,;,) is defined as the
reconstructed zonal wind stress field averaged over 120°E-150°,
15°S-15°N in JFM' (Fig. 11m). We also add Nifio-3.4 SST
and WNPAC streamfunction (defined as in section 3 and
Fig. 1) at the growth (SON®) and mature (D°JF!) stages, respec-
tively, as key variables to the intercomparison on scatter
diagrams (Fig. 12).

The scatterplot confirms that stronger upwelling Rossby
waves occur in the events with warmer Nifio-3.4 amplitudes
(Fig. 12a), which correlate to stronger upwelling Kelvin waves
in the later stage (Fig. 12d). WNPAC is positively correlated
to the SON? Nifio-3.4 index (Fig. 12b) and the western Pacific
easterly wind anomalies (Fig. 12c), and the easterly wind
anomalies correlate to stronger upwelling Kelvin waves as
well (Fig. 12e). That is, both sources of forcing for upwelling
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Kelvin waves (i.e., easterly wind and reflected waves) are more
favored in early onset events. Fast-decaying and persistent
events tend to be located at the opposite sides of the scatter dia-
grams, though not completely separated. Here, we show that the
stronger amplitude of El Niflo correlates to stronger negative
feedback that dominantly differentiates the decay rates of events
via air-sea coupled interactions.

Next, we compare the contribution of Rossby waves and
easterly wind to Kelvin waves with partial correlation analy-
sis as

Pkr ~ PkzPrz

Pkr(z) = and (5.1)
\/1 ~ Pkzy1 ~ PRz
Pkz — PkrPRrZ (52)

Przr) = ,—1—p%<R /—l_p%u'

The terms pkr, pkz, and prz are the correlation coefficients
between D20gciyin and D20gesshy, between D20genin and

Tienin» ANd between D20gossby and .., T€SPEctively; pxr(z)
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FIG. 9. Composite fields of Kelvin-wave-filtered D20 anomalies for the (left) fast-decaying events and (center) persistent events, and (right)
their differences, in (a)-(c) D°JF! and (d)-(f) MAM!, and (g)~(i) changes in time MAM! — D°JF!,

represents the partial correlation coefficient between Kelvin
wave and Rossby waves when the zonal wind stress is con-
trolled, and pkz(r) represents the partial correlation coeffi-
cient between Kelvin wave and zonal wind stress when the
Rossby wave is controlled. It turns out they both contribute
to Kelvin waves comparably, with pggr(z) being 0.43 and
PKZ(R) being 0.42.

6. Summary

A total of 244 El Nifio events in a 1200-yr piControl simula-
tion from CMIP6 CESM2 are classified to the fast-decaying
(107), slow-decaying (89), and persistent (48) groups based on
their Nifio-3.4 SST evolutions. After the mature winter, the
fast-decaying group rapidly terminate before the ensuing sum-
mer and develops as a La Nifa event, the slow-decaying
group decays to the neutral state with a relatively gradual
pace, and the persistent group barely weakens and reaches
another peak in the following winter. The fast-decaying and
persistent groups are distinct from each other, while the slow-
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decaying group is in between. The main mechanisms for the
El Niiio evolution leading to the persistent events relative to
the fast-decaying ones are summarized in Fig. 13.

In spring and summer during the development stage, all
three groups are preconditioned by a similar amount of posi-
tive WWV anomalies (Fig. 1d). Relative to the persistent
events, the fast-decaying events develop earlier in the growth
stage (SON’; Figs. la—) as in observations with stronger
westerly wind anomalies over equatorial Pacific driven by
tropical atmospheric heating/cooling distribution related to El
Niflo-pIOD SST, and upwelling Rossby waves forced by
equatorial westerlies (Figs. 2a,j). In contrast, the equatorial
westerly wind stresses and Rossby waves are less prominent
in the persistent events because of the later development of
El Nifio and the absence of pIOD (Figs. 2k,1). The far western
North Pacific zonal wind anomalies turn easterly in the fast-
decaying events but remain westerly in the persistent events
(Fig. 1e) resulting from WNPAC during the mature stage
(D°JF'; Figs. 1f and 2d-f). After the decay stage (MAM®),
negative D20 anomalies caused by the preceding equatorial
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details.

Rossby waves and the WNPAC-related easterly winds propa-
gate eastward across the basin as Kelvin waves and terminate
the fast- and slow-decaying groups of events, whereas the
eastward-tilting thermocline anomalies are relatively station-
ary in the persistent events (Fig. 4) and maintain the positive
atmosphere-ocean feedbacks in year' (Figs. la—c). The dis-
charge of WWYV is also fastest (slowest) in the fast-decaying
(persistent) group during the mature and decay stages (Fig. 1d).

Among the three duration types, the SST tendency differs
the most during the decay stage that determines whether the
Nifio-3.4 SST turns to the opposite phase in the latter half of
year! (Fig. 1a). The leading contributions to the heat budget
difference between the fast-decaying and persistent groups
are zonal transport (—u'Tx; ~48%), latent heat (~24%), and
meridional temperature gradient (—v7; ~20%) terms
(Fig. 5). The zonal transport cooling driven by the Kelvin-
wave-related westward currents is strong (weak) in fast-
decaying (persistent) events (Fig. 6; Table 1). Latent heat usually
plays a dampening role as the moisture gradient increases with
warm SST, but the positive PMM appears in the persistent
group and suppresses the evaporation cooling by reducing the
northeasterly trade winds (Fig. 7). The warm SST decreases
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from the mature to decay stage more in the fast-decaying than
persistent events (Fig. 1a) due to the negative SST—cloud-
shortwave radiation feedback (Fig. 8) spatially distributed simi-
lar to EP and CP El Niflo, respectively. Thus, the meridional
temperature gradient term (—v7}) is more capable of maintain-
ing the warm SST in the persistent group than the fast-decaying
one (Fig. 5).

Last, we project D20 and wind fields onto their theoretical me-
ridional structures [Eq. (4)] and reconstruct them to quantify the
relative contributions by the preceding equatorial Rossby waves
(Fig. 10) and the anomalous equatorial western Pacific easterly
wind anomalies (Fig. 11) to the upwelling Kelvin waves (Fig. 9).
Both the upwelling Rossby waves and WNPAC-induced easterly
wind anomalies are more prominent in earlier onset events, and
their contributions to the upwelling Kelvin waves are comparably
crucial (Fig. 12). This delayed negative feedback of upwelling
Kelvin wave to El Nifio’s wind and SST anomalies explains why
stronger events are accompanied by greater cooling paces in the
decay stage.

Previous studies have shown that the pIOD in the developing
autumn (Kim and Yu 2020), reflected Rossby waves and west-
ern Pacific easterly winds in the decaying spring (Wu et al. 2019)
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could hasten El Nifio’s phase transition, whereas the negative =~ wave-induced cold zonal advection, arises from reflected equa-
NPO in mature winter (Wu et al. 2019; Kim and Yu 2020) and  torial Rossby waves and equatorial western Pacific easterly wind
CP-type SST distribution (Ding et al. 2022) could slow down El  anomalies of WNPAC forced by El Nifio in the developing and
Nifio’s decay. Here, we quantify their relative roles in regulating ~ mature stages. Therefore, strong events with warmer peaks are
El Nifio’s decay pace. Our analysis of major cooling processes  terminated more drastically and El Nifio’s onset timing and du-
reveals that the impact of the upwelling Kelvin wave is about — ration are dependent on each other to some degree. However,
twice as much as that of the Pacific meridional mode (PMM) or this linear relationship can be loose as thermodynamic processes
El Nifio’s central Pacific/eastern Pacific (CP/EP) flavor, while in the winter and spring are relatively unrelated to El Nifio’s

the strength of upwelling Kelvin waves is equally attributed to ~ amplitudes in the development stage. Instead, the shortwave
reflected waves and wind forcing (Fig. 13). damping is associated with the zonal distribution of SST and pre-

cipitation, and additional latent heat warming can be caused by
a relatively symmetric wind pattern about the equator, such as
the PMM. Our result consolidates the existing literature and
In consistency with the previous observation and modeling  provides a more comprehensive and physical pathway for the
studies (Wu et al. 2019; Lee et al. 2020), in CESM2, El Nifio  causality chain between El Nifio’s onset timing and duration
events of a prolonged duration tend to develop later in the first  that awaits validation in further studies.
year. Our results suggest that this relationship exists because the What determines the onset timing of El Nifio? In CESM2,
primary process regulating the cooling tendency, the Kelvin the SST tendencies during the growth (year®) are similar in

7. Discussion
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FIG. 12. The scatterplots for (a) D°JF' equatorial Rossby wave (m) vs SON° Nifio-3.4 index (K), (b) D°JF' WNPAC streamfunction
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western Pacific surface zonal wind stress anomalies (1072 N m™2) vs

DUJF' WNPAC streamfunction (10* N m™~?), (d) Kelvin wave (m) vs equatorial Rossby wave (m), and (e) Kelvin wave (m) vs equatorial
far western Pacific zonal wind stress anomalies (107> N m ™). Blue, gray, and red dots are fast-decaying, slow-decaying, and persistent
events, respectively. The correlation coefficients p are shown in panel titles, and the partial correlation coefficients for (d) and (e) are also
shown. The partial correlation coefficients are calculated as in Eq. (5); see Figs. 1,7, 8, and 9 and section 5 for the definition of each index.

any duration types of events (Fig. 1a) as our definition only
depends on the decay rate. This indicates the El Nifio’s ampli-
tude in the development stage is mainly determined by the
initial state in the previous year; that is, the later-onset persis-
tent El Nifio follows a previous La Nifia-like condition, while
the early-onset fast-decaying event emerges from a neutral
condition. With the observed prolonged El Nifio events, Lee
et al. (2020) showed that an enhanced climatological cross-
hemisphere meridional SST gradient and cross-equatorial
southerly over eastern Pacific in summer and autumn can dis-
rupt Bjerknes feedback (Bjerknes 1969), as the equatorward
shift of ITCZ precipitation is hindered. This feature is also noted
in CESM2 but of less statistical significance (Figs. 2b,c.k,l). The
meridional gradient of SST over subtropical eastern Pacific dur-
ing both the developing and decaying stages (e.g., PMM) appear
to affect El Nifio’s evolution, and their interaction may help un-
derstand El Nifio’s diverse temporal characteristics under differ-
ent climate backgrounds.

The easterly wind anomalies critical for the phase transition
begin from the warm pool in the mature winter, and this study
highlights the role of WNPAC (e.g., Wang et al. 1999, 2000;
Wang and Zhang 2002) in the East Asian winter monsoon re-
gime. Via heating/cooling over the Maritime Continent and
the western North Pacific, ENSQO’s evolution can be affected
by Asian monsoon interannual variability. For example,
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during a phase of suppressed Indian summer rainfall in the
tropical biennial oscillation (e.g., Meehl 1994, 1997), if the as-
sociated cooling anomalies induce anomalous tropical easterly
winds and positive IOD that strengthens subsidence over the
Maritime Continent (Li et al. 2006), it can cause a stronger El
Nifio and WNPAC response in the mature winter and leads
to a faster phase transition. The impact of the Asian—-Austra-
lian monsoon on ENSO duration requires further study.
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