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Abstract

Purpose of Review The El Nifio-Southern Oscillation (ENSO) phenomenon exhibits considerable diversity in the amplitude,
pattern, and temporal evolution. The processes causing ENSO diversity are reviewed with focus on the role of atmospheric
feedback.

Recent Findings Due to the zonal and meridional asymmetry in tropical Pacific climate, atmospheric response to sea surface
temperature (SST) anomalies is highly nonlinear. This leads to diversity in the amplitude and pattern of El Nifio, as well as
asymmetry in the pattern and duration of El Nifio and La Nifia. Atmospheric convection changes associated with tropical Pacific
decadal variability may modulate ENSO diversity. Furthermore, variability in the Indian and Atlantic Oceans provides additional
sources of ENSO diversity through pan-tropical adjustments of atmospheric convection.

Summary The complexity of atmospheric feedback plays an important role in ENSO diversity, but is poorly represented in the
Bjerknes feedback. Incorporating convective threshold in defining SST anomalies may help explain various features of ENSO
diversity in a unified framework.

Keywords ENSO diversity - ENSO asymmetry - ENSO modulation - Pan-tropical climate interactions - SST threshold for

convection - Bjerknes feedback

Introduction

The El Nino-Southern Oscillation (ENSO) phenomenon
arises from dynamic and thermodynamic feedbacks between
the ocean and atmosphere in the tropical Pacific [1]. Warm (El
Nifio) and cold (La Nifia) phases of ENSO typically last 1—
2 years and occur approximately every 3-8 years. Both El
Nifo and La Nifia usually develop in boreal summer and peak
near the end of the calendar year. Sea surface temperature
(SST) changes associated with El Nifio and La Nifia shift the
atmospheric deep convection and induce anomalous surface
zonal winds, which further enhance SST changes by affecting
upwelling and thermocline depth. This so-called Bjerknes
feedback is at the heart of the ENSO phenomenon. The intrin-
sic interannual timescale of ENSO is determined by slow
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adjustments of the equatorial ocean to surface wind variations.
The atmospheric deep convection changes related to ENSO
force a wave train pattern of atmospheric circulation anoma-
lies into the extratropics, affecting weather patterns around the
globe. The ENSO thus constitutes an important source of cli-
mate variability in the tropics and beyond. It is critical to
understand the mechanisms that affect the occurrence, pattern,
and duration of individual ENSO events to improve climate
predictions.

The decade-long Tropical Ocean-Global Atmosphere
(TOGA) program organized by the World Climate Research
Program in 1985-1994 accelerated physical understanding of
the ENSO phenomenon and teleconnections [2—4]. However,
many studies conducted over the ensuing decades highlighted
the diversity of individual ENSO events in terms of the pattern
and temporal evolution, as well as the asymmetry between El
Nifio and La Nifia and decadal variability in the ENSO char-
acteristics [5, 6]. Furthermore, an increasing number of studies
over the past decade have shown that the ENSO is not a
phenomenon of the tropical Pacific alone but closely linked
to variability in the other two tropical oceans [7]. The diversity
and complexity of ENSO pose great challenges in predicting
individual ENSO events and their climate impacts and urge
the need to understand the mechanisms. These recent research
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progresses also reveal the limitation of conventional ENSO
models and indices that are often based on linear ocean-
atmosphere dynamics and focus on the tropical Pacific.
Building upon recent reviews of the ENSO diversity and com-
plexity [5-7], this review paper highlights the importance of
atmospheric nonlinearity in causing the diverse behavior of
ENSO. The paper also attempts to provide a unified frame-
work to understand the complex nature of ENSO.

Diversity in the Pattern and Amplitude
of ENSO Events

Early studies of the ENSO show that basin-wide SST warming
associated with El Nifio peaks in the eastern equatorial Pacific
[5]. Frequent occurrence of El Niflo that deviates from this
“canonical” El Nifo pattern after the 1990s led researchers
to suggest that there exist two distinct modes of ENSO
[8—10]. In these non-canonical El Nifo events, SST warming
is confined to the central equatorial Pacific and peaks near the
dateline. The SST warming of this central Pacific (CP) El
Nifio is primarily driven by changes in zonal advection of heat
by ocean currents, whereas changes in vertical advection play
an important role in canonical, eastern Pacific (EP) EI Nifo
[10, 11]. The different roles of ocean currents in generating EP
and CP El Nifos reflect different climatological oceanic con-
ditions in the eastern and central equatorial Pacific: shallow
thermocline in the eastern Pacific and large zonal SST gradi-
ent in the central Pacific. Theoretical studies based on a simple
model support the existence of both EP and CP ENSO modes
[11, 12]. However, the distinction between EP and CP events
is not obvious for La Nifia [13], and observed El Nifio events
cannot be unambiguously categorized into EP and CP events.
Instead, these modes may be considered as part of a diverse
continuum of the ENSO [14-18]. A recent study suggests that
the diversity of ENSO pattern represents longitudinal varia-
tions of the SST warm pool and the rising branch of the
Walker Circulation [18].

There is a strong relation between the amplitude and pat-
tern of ENSO events (Fig. 1). Strong El Nifio usually exhibits
the EP pattern and moderate to weak El Nifio tends to show
the CP pattern [5, 9, 15, 16]. Moderate to strong La Nifia, on
the other hand, projects more onto the CP pattern. Thus, EP
and CP ENSO modes represent the diversity of ENSO ampli-
tude, as well as the asymmetry in the pattern of El Nifio and La
Nifia. It is shown that the occurrence of strong EP El Nifio
events is associated with nonlinear response of the atmospher-
ic deep convection to SST anomalies [21], rather than the
nonlinearity in oceanic heat advection as suggested earlier
[22]. In the eastern equatorial Pacific, where the shallow ther-
mocline maintains the equatorial SST cold tongue, small SST
variations have no effect on the atmospheric deep convection.
Only sufficiently large SST warming can push absolute SST
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over the convective threshold and the associated westerly
wind anomalies activate the thermocline feedback, leading
to the development of a strong EP El Nifio event. Stochastic
atmospheric forcing, such as westerly wind events (WWEs),
helps trigger the development of a strong EP El Nifio event,
while an initial recharge of the equatorial oceanic heat content
is a necessary condition [23-26].

Studies of ENSO diversity focus on variations in the zonal
pattern of equatorial SST anomalies, but a few recent studies
show that the ENSO also exhibits diversity in the meridional
direction over the eastern tropical Pacific [27-29]. The eastern
tropical Pacific displays strong equatorial asymmetry in mean
climate, with the warmest SST and intertropical convergence
zone (ITCZ) displaced north of the equator. At the peak of
strong EP El Niilo, large positive SST anomalies in the eastern
equatorial Pacific can shift the ITCZ to the equator. The asso-
ciated westerly wind anomalies suppress oceanic upwelling,
enhancing SST warming in the eastern equatorial Pacific and
off the west coast of South America. This regional ocean-
atmosphere feedback counteracts the effect of decaying wind
anomalies in the central equatorial Pacific and discharge of the
equatorial oceanic heat content, delaying the demise of strong
EP El Nifio until boreal spring-early summer [27, 28]. At the
peak of moderate CP El Niflo, on the other hand, small posi-
tive SST anomalies in the eastern equatorial Pacific can in-
crease precipitation only north of the equator. This
equatorially asymmetric atmospheric response develops into
a meridional dipole pattern of ocean-atmosphere anomalies in
boreal spring, when the tropical Pacific mean climate becomes
most symmetric about the equator [28]. The associated cross-
equatorial southeasterly winds induce oceanic upwelling and
dissipate the eastern equatorial Pacific warming. Similar evo-
lution of meridional anomaly pattern, but of opposite sign, is
found for La Nifia, which projects more onto the CP pattern.
The cross-equatorial northwesterly winds that accompany La
Nifia sometimes lead to the development of coastal El Nifio
that occurs independent of basin-wide El Nifio [29, 30]. In
addition to this eastern Pacific dipole mode, downwelling
Kelvin waves excited by WWEs caused an extreme coastal
El Nifio event in February—April 2017 [29].

Diversity in the Temporal Evolution of ENSO
Events

Studies of the ENSO pattern diversity noted the tendency for
strong EP El Niflo to transition into La Nifia in the second year
[9, 10]. This is in contrast to La Nifia, which on average lasts
2 years [31-34]. La Nifia persisting into the second year
weakens in boreal spring and re-intensifies in summer-fall,
resulting in a secondary winter peak in the equatorial SST
cooling. The systematic difference in the evolution of El
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Fig. 1 Variations in the amplitude and pattern of SST and precipitation
anomalies during December—February of El Nifio and La Nifia events
based on the NOAA Optimum Interpolation SST (OISST) version 2
and the Global Precipitation Climatology Project (GPCP) version 2.3
datasets for 1982-2018 [19, 20]. a-h Maps of SST (°C; shading) and
precipitation (contours at intervals of 2.5 mm day '; negative contours
dashed and zero contours omitted) anomalies for El Nifio events

Nifio and La Nifna cannot be explained by linear ocean-
atmosphere dynamics nor stochastic atmospheric forcing.
Many studies highlighted the importance of atmospheric
nonlinearity for the asymmetric duration of El Nifio and La
Nifia. For example, at the peak of strong El Niflo, seasonal
southward migration of SST warm pool displaces the precip-
itation and westerly wind anomalies in the central equatorial
Pacific to the south of the equator, hastening the discharge of
the equatorial oceanic heat content and hence the event termi-
nation [33, 35, 36]. This southward shift of atmospheric
anomalies is inconspicuous for La Nifia [33, 36]. It is also

(2015/16, 1982/83, 1997/98, 1991/1992, 2009/2010, 2002/2003,
1986/1987, and 1994/1995). i—p As in a—h but for La Nifia events
(1988/89, 2007/2008, 1999/2000, 1998/1999, 2010/2011, 1984/1985,
1995/1996, and 1983/1984). The panels are arranged so that the magni-
tude of SST anomalies averaged in the Nifo-3.4 region (5°S—5°N,
170°W-120°W; the Nifo-3.4 index) decreases from top to bottom.
Both SST and precipitation anomalies are linearly detrended

suggested that the eastward displacement of precipitation
and wind anomalies during strong El Nifio compared to La
Nifia makes surface winds over the western equatorial Pacific
more susceptible to delayed negative feedback from the
Indian Ocean [37]. Not only the spatial pattern, but also the
amplitude of atmospheric anomalies is asymmetric between
El Nifio and La Nifia. Larger precipitation and surface wind
anomalies during El Nifio compared to La Nifia result in stron-
ger delayed negative oceanic feedback [16, 38, 39]. A few
recent studies suggest that oceanic nonlinearity may also play
an important role. In particular, the delayed thermocline
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feedback is more effective at terminating El Nifo than La
Nifia because the shoaling thermocline can induce large tem-
perature anomalies at the base of the ocean mixed layer [39].
In addition, surface wind anomalies induce larger oceanic
wave response in the western equatorial Pacific during El
Niflo than La Nifia because the atmospheric momentum is
more efficiently trapped in the relatively shallow upper ocean
layer [40]. Besides the ocean-atmosphere dynamical process-
es, SST damping is stronger during El Nifio than La Nina due
to larger negative cloud and evaporation feedbacks [41].

While the asymmetry in the duration of EI Nifio and La Nifia
is robust for strong events [34], the temporal evolution of mod-
erate to weak El Nifio and La Nifia varies greatly from event to
event [42—44]. 1t is important to understand the mechanisms
controlling the duration of individual ENSO events, as multi-
year ENSO events prolong climatic impacts. For example,
multi-year La Nifia events induce persistent drought conditions
over the southern tier of the United States, causing significant
socioeconomic impacts [45, 46]. Observational and model
analyses suggest that the duration of La Nifa is linked to the
amplitude of preceding El Nifo (Fig. 2b, d; [44, 48]). Surface
wind anomalies associated with strong El Nifio cause a large
discharge of the equatorial oceanic heat content, which requires
more than a year for the tropical Pacific coupled system to
return to a neutral state. In addition to the oceanic adjustment,
strong El Nifio induces significant warming of the tropical
Indian and Atlantic Oceans through atmospheric
teleconnections, which delays the termination of La Nifia by
enhancing easterly wind anomalies in the western-central equa-
torial Pacific [44]. Owing to the oceanic memory and interbasin
influences, the occurrence of multi-year La Nifia can be pre-
dicted up to 2 years in advance [48, 49]. The duration of El
Niflo, on the other hand, appears to depend on the timing of
onset (Fig. 2a, ¢; [9, 44, 50, 51]). The earlier onset leads to
earlier arrival of the negative oceanic feedback and earlier ad-
justment of the tropical Indian and Atlantic Ocean SSTs, which
act to terminate El Nifo after the peak [44]. The earlier
onset also allows El Nifio to grow into a strong EP event [9],
resulting in nonlinear atmospheric response that hastens the
event termination [33, 35-37]. La Nina events that are not
proceeded by strong El Nifio and El Niflo events that develop
late show diverse temporal evolution in the second year (Fig.
2c¢, d; [44]). In addition to stochastic atmospheric forcing [12,
42, 48], ocean-atmosphere variability internal to the tropical
Indian and Atlantic Oceans may contribute to the diverse evo-
lution of individual ENSO events [44, 49].

Role of Remote Tropical Oceans in ENSO
Diversity

The ENSO exerts significant influence on the tropical Indian
and Atlantic Oceans through atmospheric teleconnections [1].
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The delayed SST response of these remote tropical oceans, in
turn, modulates the atmospheric circulation and provides neg-
ative feedback to the ENSO. During the mature-decay phase
of EI Niflo, basin-wide warming of the Indian Ocean forces an
atmospheric Kelvin wave and induces easterly winds in the
western equatorial Pacific, contributing to the termination of
El Nilo [52-54]. During La Nifa, basin-wide cooling of the
Indian Ocean similarly forces westerly winds over the western
equatorial Pacific. However, due to the westward displace-
ment of atmospheric anomalies during La Nifia compared to
El Niflo, the negative feedback from the Indian Ocean is inef-
fective at reversing easterly wind anomalies [37]. In support of
this notion, climate model forecasts of the ENSO event evo-
lution are significantly improved by including ocean-
atmosphere coupling over the Indian Ocean only for El Nifio
[55]. The Atlantic SST response also acts to terminate the
ENSO event by forcing both atmospheric Kelvin and
Rossby waves [56, 57]. Experiments with ocean-atmosphere
coupled models of various complexities indicate that interac-
tions between the Pacific and the Indian and Atlantic Oceans
decrease both the amplitude and period of ENSO [58-61].
The interbasin interactions may account as much as 40% of
the total negative feedback for ENSO [61]. The strong inter-
basin linkages reviewed here imply that the three tropical
oceans should be viewed as a single system linked by means
of the atmospheric circulation.

An increasing number of studies show that the Indian and
Atlantic Oceans play a more active role in causing ENSO
diversity (Fig. 3; [7]). For example, the Indian Ocean dipole
(I0D) mode, which is forced by the ENSO but also arises
from ocean-atmosphere interactions within the tropical
Indian Ocean, affects the strength of El Nifio developing dur-
ing boreal summer-fall [62, 63]. The IOD may further affect
the ENSO event evolution in the following year, providing
potential predictability with lead times of more than a year
[64]. SST variability internal to the tropical Atlantic has also
been shown to affect the development of ENSO events [56,
57, 65-67]. The Atlantic Nifo, an equatorial mode analogous
to the ENSO but with a peak in boreal summer, contributes to
the development of EP ENSO events by affecting the atmo-
spheric deep convection and zonal winds over the western-
central equatorial Pacific [65—67]. SST variability in the trop-
ical North Atlantic, on the other hand, forces opposite sign of
zonal wind anomalies over the eastern and western equatorial
Pacific, leading to the development of CP ENSO events [56,
57]. Climate model experiments in which tropical Atlantic
SSTs are constrained to observed values suggest that the trop-
ical Atlantic explains up to 25% of the observed ENSO vari-
ability [65-67].

Intriguingly, several studies suggest that the tropical
Atlantic-Pacific linkages underwent multidecadal modula-
tions in association with Atlantic multidecadal variability
[57, 67—69]. The impact of Atlantic Nifio was stronger during
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Fig. 2 Variations in the duration of El Nifio and La Nifa events and the
relation to the onset timing of El Nifio and the magnitude of event
preceding La Nifla based on the Hadley Centre Sea Ice and SST
(HadISST) dataset for 1900-2018 [47]. a, b Time series of the Nifio-3.4
index (°C) composited for a El Niflo events categorized by the onset
month and b La Nifia events categorized by the Dec ' Nifio-3.4 index.
The colors of composite curves correspond to the categorization criteria
shown on color bars. ¢, d Scatterplots of the Dec*! Nifio-3.4 index vs ¢ the
onset month for El Nifio events and d the Dec ' Nifio-3.4 index for La
Nina events. Small black circles indicate individual events, and large

the negative phase of Atlantic multidecadal variability
[67-69], whereas the impact of tropical North Atlantic SST
variability intensified with an upswing of Atlantic
multidecadal variability in the early 1990s [57]. Such modu-
lations may be explained by changes in both interannual

colored circles represent composite events categorized as in a, b. El
Niflo and La Nifia events are defined when the Nifio-3.4 index is greater
than 0.75 standard deviations and less than —0.75 standard deviations in
any month from Oct’ to Feb*', respectively. The standard deviation of the
Nifio-3.4 index is calculated separately for each calendar month. The year
when El Nifio and La Nifia first develop is denoted as year 0 and the
months of that year as Jan®, Feb®, ..., and Dec’. The El Nifio onset month
is defined as the month when the Nifio-3.4 index first exceeds 0.5 °C. The
Nifio-3.4 index is smoothed with a 3-month running mean filter and
quadratic trend is removed prior to the analysis

variability and background state of the tropical Atlantic [57,
68, 69]. In particular, changes in the tropical Atlantic back-
ground SST may modulate how interannual SST variability
induces precipitation anomalies. For example, when the trop-
ical North Atlantic becomes warmer and the Atlantic ITCZ is

@ Springer
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Fig. 3 Impact of Indian and Atlantic Ocean variability on ENSO based
on the OISST and GPCP datasets for 1982-2018. a Longitude-time sec-
tion of SST (°C; shading) and precipitation (contours at intervals of
0.5 mm day '; negative contours dashed and zero contours omitted)
anomalies along the equator (3°S—3°N; 10°S—0°N between 40°E and
110°E) regressed onto the 10D index for Sep '~Nov . The IOD index
is defined as SST anomalies averaged in 10°S—10°N, S0°E—70°E minus
those averaged in 10°S—0°N, 90°E—110°E. b As in a but SST and pre-
cipitation anomalies along the equator (3°S—3°N; 0°S-20°N between
80°W and 10°E) are regressed onto the tropical North Atlantic SST index
(0°S—20°N, 80°W-10°E) for Mar’~May®. ¢ As in a but SST and

displaced to the north, tropical North Atlantic SST variability
is conducive to enhanced precipitation variability compared to
when the tropical North Atlantic is cooler and the Atlantic
ITCZ is displaced to the south [57]. This idea is supported
by recent studies that show a cold SST bias in the tropical
North Atlantic weakens the Atlantic-Pacific linkages in cli-

mate models [70, 71].

Decadal Variability of ENSO Diversity

The diversity of ENSO events exhibits distinct decadal vari-
ability. Most notably, observational data and paleoclimate
proxy records indicate that the amplitude of ENSO varies
considerably on decadal-multidecadal time scales [72—74].
During the past century, the ENSO was relatively weak be-
tween the 1920s and the early 1960s, rapidly intensified in the
late 1960s, and weakened again in the 2000s (Fig. 4a, ¢). In
addition to the amplitude, various other ENSO properties
changed around the regime shift of Pacific-wide climate in
the late 1970s, including the periodicity, zonal propagation
of equatorial SST anomalies, and El Nifio-La Nifia asymmetry
[2, 32, 75, 76]. Furthermore, CP ENSO events became more
prevalent than EP events after another Pacific regime shift in
the late 1990s [77], leading to the prosperity of ENSO diver-
sity studies [5, 6]. Nonetheless, short observational records are
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precipitation anomalies along the equator (3°S-3°N in all longitudes)
are regressed onto the Atlantic Nifio index (3°S-3°N; 20°W-0°E) for
Jun’~Aug’. The impact of ENSO is removed from all the indices by
linearly regressing them onto the Nov '—Jan” Nifio-3.4 index. All the
indices are standardized after removing the ENSO impact. Both SST
and precipitation anomalies are smoothed with a 3-month running mean
filter and linearly detrended prior to the analysis. The IOD, tropical North
Atlantic, and Atlantic Nifio indices are negatively correlated with the
Nov’—Jan*! Nifio-3.4 index at coefficients of —0.36, —0.51, and — 0.40,
respectively

insufficient to robustly identify the relationships between
ENSO modulations and tropical Pacific decadal variability
(TPDV). It should be noted that the leading mode of TPDV,
which shows an anomaly pattern similar to the ENSO but with
a broader meridional structure, is not correlated with the
ENSO amplitude modulation (Fig. 4b, d; [73, 78]).

Long climate model simulations show that the characteris-
tics of ENSO vary closely with the tropical Pacific back-
ground state [79-83]. In these models, the ENSO amplitude
is negatively correlated with decadal changes in the zonal
gradient of background SST and thermocline depth, which
manifest as a zonal dipole pattern of anomalies. Recent model-
ing studies and some observational evidence also show that
the relative frequency of El Nifio and La Nifia events varies
with ENSO-like TPDV, with El Nifio becoming more frequent
than La Nifia in a El Nifio-like background state [83—86]. Both
patterns of background state changes associated with the
ENSO modulations emerge as the leading modes of TPDV
in climate models [83, 87, 88]. These findings are consistent
with analysis of limited observational data (Fig. 4b—e).

The causality of ENSO modulations and TPDV, however,
remains controversial. Some studies suggest that the present-
day ENSO is a neutrally stable mode and changes in the back-
ground state affect the stability and properties of this interan-
nual variability [11, 89, 90]. Indeed, the ENSO is modulated
by mean state changes imposed on coupled ocean-atmosphere
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Fig.4 Decadal modulations of ENSO and the relation to TPDV based on
the HadISST dataset for 1900-2018. a Time series of the Nifio-3.4 index
(°C) smoothed with a 3-month running mean filter. b, ¢ Time series of b
the first and ¢ the second principal components (PC1 and PC2) of 10-year
low-pass filtered SST anomalies in the tropical Pacific (23.5°S-23.5°N,
120°E-80°W; standard deviation units; shaded curves). Overlaid are time
series of b the relative frequency of El Nifio and La Nifia events (%) and ¢
the ENSO amplitude (°C) in a 10-year moving window (black curves).
The relative frequency of El Nifio and La Nifa events is defined as (£ —

models of various complexities [75, 91, 92]. Multiple studies
suggest that the ENSO amplitude is affected by the back-
ground SST and atmospheric deep convection over the eastern
equatorial Pacific [81, 83, 91, 92]. For example, after the late
1990s, eastern equatorial Pacific cooling and resultant north-
ward displacement of the ITCZ reduced the sensitivity of pre-
cipitation response to ENSO SST variability, hindering the
development of strong EP El Nifio [91, 92]. At the same time,
the increased westward gradient of background SST enhanced
the zonal advective feedback, favoring the development of CP
ENSO events [11, 93, 94]. Interestingly, it is suggested that the

0.00 0.06 0.12 0.18 0.24

L)/(E+ L)% 100, where E and L are the numbers of El Nifio and La Nifa
events, respectively. As in Fig. 2, El Nifio and La Nifia events are defined
when the Nino-3.4 index is greater than 0.75 standard deviations and less
than —0.75 standard deviations in any month from Oct to Feb, respec-
tively. The ENSO amplitude is defined as standard deviation of the Nifio-
3.4 index. d, e Regression maps of SST anomalies on d PC1 and e PC2.
The two TPDV modes explain 52% and 15% of the total filtered variance
in the tropical Pacific

tropical Pacific background state change in the late 1990s was
partly driven by a shift in Atlantic multidecadal variability
through atmospheric teleconnections [91, 95-97].

Other studies conversely argue that decadal modulations of
ENSO result merely from low-frequency components of sto-
chastic atmospheric forcing and are unpredictable [98—101].
The randomly generated ENSO changes can, in turn, induce
nonzero residuals and affect the background state [22, 79, 82,
102]. For example, strong ENSO variability acts to increase
the mean SST in the east and to decrease the mean SST in the
west because of the eastward displacement of El Nifio SST
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anomalies compared to La Nifia. The ENSO can also generate
changes in the background state through oceanic processes
without invoking the spatial asymmetry of El Nifio and La
Nifia [82]. The generation of TPDV, however, does not nec-
essarily require the equatorial ocean dynamics. Coupled
ocean-atmosphere models in which ocean dynamics is dis-
abled reproduce part of TPDV through oceanic integration
of stochastic atmospheric forcing from the extratropics
[103—107]. Thus, the strong linkages between ENSO modu-
lations and TPDV found in climate models may be indicative
of their two-way interactions [81, 83].

Unified Framework for ENSO Diversity: SST
Threshold for Atmospheric Convection

The atmospheric deep convection mediates the coupling be-
tween SST and surface wind and affects resultant climate vari-
ability in the tropics. The studies reviewed in previous sections
highlight the importance of nonlinear relationship between the
atmospheric convection and SST in causing the diverse and
complex behavior of ENSO. For example, the atmospheric deep
convection acts like a switch for the thermocline feedback in the
eastern equatorial Pacific and resultant development of strong
EP El Nifio [21]. The efficiency of this switch may be modulated
by decadal changes in the background SST [81, 83, 91].

The traditional use of SST anomalies relative to the clima-
tology provides limited information on the atmospheric deep
convection. During both El Nifio and La Nifia, equatorial
Pacific precipitation anomalies are displaced to the west of
SST anomalies (Fig. 5f, h). There is little precipitation re-
sponse to La Nifia cooling in the eastern equatorial Pacific
as the background SSTs are well below the convective thresh-
old. The instability of tropical atmosphere is largely controlled
by distribution of SST as equatorial waves efficiently smooth
out the horizontal temperature gradient in the free troposphere.
The SST threshold for atmospheric convection closely follows
tropical mean SST (7™), which varies on interannual and lon-
ger time scales [108]. The SST threshold increases during El
Niflo and decreases during La Nifia due to the large SST
changes in the equatorial Pacific, as well as the delayed SST
response of the same sign over the tropical Indian and Atlantic
Oceans (Fig. 5a—). A recent study suggests that SST devia-
tions from the convective threshold at a given time, instead of
from the climatology at a given location, may be more useful
to understand the diverse behavior of ENSO [18]. Here, we
define positive SST deviation from the convective threshold
(approximated by T™) as

AT = (T-T"H(T-T"), (1)

where H is the Heaviside function. Despite being derived only
from SST, AT explains the spatial distribution of both
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climatological and anomalous precipitation over the tropical
oceans to surprising detail (Fig. 5d, e, g). The patterns of AT
and precipitation anomalies are highly correlated for both El
Niflo and La Nifia (»=0.75 and 0.62, respectively). Thus, AT
can be used as a proxy for precipitation. Compared to A7,
actual precipitation anomalies during El Nifio and La Nifia
are shifted slightly to the west, indicative of the role of mois-
ture advection by the easterly trade winds.

The introduction of 7" and AT helps to understand various
complex features of the ENSO in a unified framework. For
example, strong EP El Nifio may develop when initial
warming causes SST to exceed 7" in the eastern equatorial
Pacific. The resultant positive AT (i.e., precipitation) forces
anomalous westerly winds into the eastern Pacific and triggers
the thermocline feedback, although stochastic atmospheric
forcing, as well as influences of remote tropical oceans, could
alter the amplitude and pattern of individual events. Cooling
of the eastern equatorial Pacific, in contrast, only increases
negative disparity from 7™ in boreal summer, when ENSO
events typically develop, and therefore, La Nifla cannot
evolve into an strong EP event. In general, both SST warming
and cooling induce changes in AT over the climatological
convective regions, but only SST warming can induce chang-
es in AT over the climatological non-convective regions when
the warming overcomes the negative disparity from 7™. Since
SST varies greatly with seasons, the impact of anomalous SST
warming and cooling on AT also varies seasonally, leading to
distinct seasonal modulations of atmospheric anomalies asso-
ciated with ENSO [109]. Thus, AT can provide physical ex-
planation for the nonlinear interactions of seasonal cycle and
ENSO [110]. It is important to note that local SST changes are
not always required to produce changes in AT. For example,
because 7" increases during El Nifio, AT decreases over the
convective region in the absence of local SST changes. Local
SST warming can increase AT only when the magnitude of
warming exceeds the magnitude of 7* increase. This may
explain, for instance, why precipitation decreases over the
western equatorial Atlantic but increases over the western
Indian Ocean during the mature phase of El Nifio, while
SST warms over both tropical oceans (Fig. Se, f).

The same idea can also be used to understand the decadal
ENSO modulations and the influences of remote tropical
oceans. For example, decadal warming of the eastern Pacific
and cooling of the western Pacific help El Nifio warming to
produce positive AT in the eastern Pacific, promoting the
development strong EP El Nifo events [81, 83, 91, 92].
Decadal basin-wide warming of the tropical Pacific associated
with ENSO-like TPDV, however, increases 7™ due to concur-
rent warming of the Indian and Atlantic Oceans, and thus does
not necessarily lead to an increase in the ENSO amplitude.
Instead, the associated AT increase in the central equatorial
Pacific may enhance the chances of El Nifio development by
inducing anomalous westerly winds over the western
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Fig. 5 Nonlinear relationship between SST and precipitation over the
tropical oceans (23.5°S—23.5°N) during December—February of 1982—
2018 based on the OISST and GPCP datasets. a—¢ Scatterplots of SST
(°C) vs precipitation (mm day ') at each grid point for a climatology and
composites of strong b EI Nifo (1982/83, 1997/98, and 2015/16) and ¢ La
Nina (1988/89, 1999/2000, and 2007/08) events. The vertical line indi-
cates tropical mean SST (7). d Map of SST deviations from 7* (°C;
shading) and precipitation (contours at intervals of 3 mm day ') for

equatorial Pacific [83]. Furthermore, SST variability in the
Indian and Atlantic Oceans can affect AT in the tropical
Pacific through changes in 7%, although subsequent ocean-
atmosphere interactions within the tropical Pacific are neces-
sary to organize a basin-wide anomaly pattern [53, 56, 64—67].
Thus, the tropical oceans are linked by means of 7, which is
communicated across the tropical oceans through propaga-
tions of atmospheric equatorial waves. Over the remote trop-
ical oceans, decadal changes in the background SST can mod-
ulate how interannual SST variability affects AT, altering the
efficiency of interbasin linkages [57, 70, 71].

Conclusion

The depiction of ENSO, as an interannual oscillation of trop-
ical Pacific climate caused by the positive Bjerknes feedback

-4.0 -3.0 2.0 -1.0 0.0 1.0 2.0 3.0 4.0

120W sowW 40W 0

24 -18 -1.2 06 0.0 06 1.2 18 24

climatology. e Map of SST deviations from 7™ (°C; shading) and AT
anomalies from climatology (contours at intervals of 0.3 °C; negative
contours dashed and zero contours omitted) for the composite of strong
EI Niflo events. f Map of SST (°C; shading) and precipitation (contours at
intervals of 1.5 mm day '; negative contours dashed and zero contours
omitted) anomalies from climatology for the composite of strong El Nifio
events. g, h As in e, f but for the composite of strong La Nifa events. Both
SST and precipitation data are linearly detrended prior to the analysis

and delayed negative oceanic feedback, evolved considerably
since the end of the TOGA program, especially over the past
decade. The ENSO now represents a wide spectrum of vari-
ability in both spatial pattern and temporal evolution, although
the basic processes of ocean-atmosphere interactions identi-
fied earlier still hold true with varying relative importance.
While much focus was given to different types of ENSO pat-
terns, these patterns can be understood as part of the continu-
um of variability in the zonal extent of western Pacific SST
warm pool and associated atmospheric convection. The me-
ridional extent of northeastern tropical Pacific warm pool also
causes diversity in the pattern and evolution of ENSO events.
Importantly, the studies of ENSO diversity highlighted dis-
tinct asymmetry in the pattern of El Nifio and La Nifia. The
asymmetric atmospheric anomalies were shown to lead to
asymmetric duration of El Nifio and La Nifna. Event-to-event
variability in the pattern and evolution of ENSO, on the other
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hand, has been attributed not only to stochastic atmospheric
forcing unrelated to the ENSO, but also to influences from the
remote tropical oceans and decadal changes in ocean-
atmosphere coupling over all tropical oceans. In particular,
the strong interbasin linkages found in recent studies suggest
that the ENSO should be viewed as a pan-tropical phenome-
non, rather than a tropical Pacific oscillation.

A key factor emerging from the studies of ENSO diversity
and complexity is the nonlinear relationship between the at-
mospheric deep convection and underlying SST. Whether
SST anomalies can induce precipitation changes to trigger
ocean-atmosphere feedbacks is strongly dependent on the
background SSTs, which vary both spatially and temporally.
This threshold behavior of atmospheric deep convection may
account for the occurrence of strong El Nifio events and its
decadal variability, as well as the changing influences of re-
mote tropical oceans. The strong linkages of tropical oceans
may also be explained by the adjustments of atmospheric con-
vection via changes in the SST threshold that follows the
tropical mean SST. The nonlinearity of atmospheric convec-
tion response is overlooked in the atmospheric component of
the Bjerknes feedback. The traditional use of SST anomalies
from the climatology also limits the understanding of atmo-
spheric variability related to the ENSO. Perhaps, we should
rethink the way to characterize and analyze the ENSO and
other tropical climate variability. For example, the ENSO lon-
gitude index, which is defined as the average longitude of
tropical Pacific SSTs exceeding the tropical mean value, de-
scribes the diversity of ENSO pattern with a single index
based solely on SST [18]. SST deviations from the convective
threshold can also be used to understand the pattern and evo-
lution of precipitation response to ENSO (Fig. 5). The use of
SST threshold is a powerful method as it inherently incorpo-
rates the effect of changing SST on seasonal and longer time
scales and over the entire tropical oceans, to which the ENSO
appears sensitive.

The processes affecting ENSO diversity and complexity
reviewed in this paper have important implications for im-
proving the ENSO simulations. Climate models have a
longstanding problem of producing excessive SST cold
tongue in the eastern equatorial Pacific [111]. The associated
westward shift of the upward branch of the Walker circulation
has been shown to strongly affect the atmospheric Bjerknes
feedback and various characteristics of the ENSO, including
the amplitude [112], pattern diversity [113], seasonality, and
asymmetry of El Nifio and La Nifia [114]. Thus, the realistic
simulation of climatological SST and atmospheric convection
is crucial for the realistic simulation of ENSO [115], which
may affect future ENSO projection. Given the widespread
climatic impacts of ENSO, how this interannual variability
may change in the future is of paramount importance to our
society. Although there is no consensus among climate
models regarding the future change in the overall ENSO
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amplitude, models consistently show that El Nifio will induce
larger precipitation response in the central-eastern Pacific, in-
creasing the occurrence of strong EP El Nifio [116, 117]. This
is because mean warming enhanced in the equatorial Pacific
reduces the barrier for atmospheric convection. A recent study
attributes the intermodel variability of ENSO amplitude pro-
jection to the diversity of tropical Pacific warming pattern,
with the ENSO amplitude increasing in models with reduced
zonal SST gradient [118], consistent with the studies of de-
cadal ENSO modulations. Understanding the source of uncer-
tainty in the tropical Pacific warming pattern, including the
influences from the Indian and Atlantic Oceans, holds the key
to increasing our confidence in future ENSO projection.
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