QAGU

Reviews of Geophysics

REVIEW ARTICLE

10.1002/2017RG000560

Key Points:

« The 2015/2016 El Nifio is the first
extreme El Nifio of the 21st century

« The 2015/2016 El Nifio contributes to
a better understanding of ENSO
extremes

« Multiple simple indices can be used to

monitor and identify ENSO extremes

Correspondence to:
A. Santoso,
a.santoso@unsw.edu.au

Citation:

Santoso, A, Mcphaden, M. J., & Cai, W.
(2017). The defining characteristics of
ENSO extremes and the strong
2015/2016 El Nifio. Reviews of
Geophysics, 55, 1079-1129. https://doi.
org/10.1002/2017RG000560

Received 1 MAR 2017

Accepted 9 NOV 2017

Accepted article online 14 NOV 2017
Published online 20 DEC 2017

©2017. American Geophysical Union.
All Rights Reserved.

The Defining Characteristics of ENSO Extremes
and the Strong 2015/2016 El Nino

Agus Santoso'? ("), Michael J. Mcphaden® ("), and Wenju Cai**

ARC Centre of Excellence for Climate System Science and Climate Change Research Centre, University of New South Wales,
Sydney, New South Wales, Australia, 2Centre for Southern Hemisphere Oceans Research, CSIRO Oceans and Atmosphere,
Hobart, Tasmania, Australia, 3Pacific Marine Environmental Laboratory, National Oceanic and Atmospheric Administration,
Seattle, WA, USA, *Physical Oceanography Laboratory/CIMST, Ocean University of China and Qingdao National Laboratory
for Marine Science and Technology, Qingdao, China

Abstract The year 2015 was special for climate scientists, particularly for the El Nifio Southern Oscillation
(ENSO) research community, as a major El Nifio finally materialized after a long pause since the 1997/1998
extreme El Nifo. It was scientifically exciting since, due to the short observational record, our knowledge of an
extreme El Nifio has been based only on the 1982/1983 and 1997/1998 events. The 2015/2016 El Nifio was
marked by many environmental disasters that are consistent with what is expected for an extreme El Nifio.
Considering the dramatic impacts of extreme El Nifio, and the risk of a potential increase in frequency of
ENSO extremes under greenhouse warming, it is timely to evaluate how the recent event fits into our
understanding of ENSO extremes. Here we provide a review of ENSO, its nature and dynamics, and through
analysis of various observed key variables, we outline the processes that characterize its extremes. The
2015/2016 El Nifio brings a useful perspective into the state of understanding of these events and highlights
areas for future research. While the 2015/2016 El Nifio is characteristically distinct from the 1982/1983 and
1997/1998 events, it still can be considered as the first extreme El Nifio of the 21st century. Its extremity can
be attributed in part to unusually warm condition in 2014 and to long-term background warming. In effect,
this study provides a list of physically meaningful indices that are straightforward to compute for identifying
and tracking extreme ENSO events in observations and climate models.

Plain Language Summary The El Nifio Southern Oscillation (ENSO) continues to boast its
prominence as Earth’s strongest source of year-to-year climate variability with the appearance of a
remarkable El Nifio event in 2015-2016. The 2015/2016 El Nifio was indeed a strong event with dramatic
impact on a global scale. However, it exhibited distinct characteristics from those of past extreme El Nifios in
modern instrumental record. This challenges our previous understanding of an extreme El Nifio which is
important for ENSO prediction, monitoring, and future projections. The 2015/2016 El Nifio has diversified the
small sample of ENSO events in our short instrumental record. It has facilitated important discussions on
our progress in understanding the nature of ENSO and its extremes, how they respond to greenhouse
warming, and what the climate science community should do next in their quest to fully grasp the complexity
of ENSO behavior. These are covered in this review paper which establishes the 2015/2016 El Nifio as the first
extreme El Nifio of the 21st century.

1. Introduction

The El Niflo-Southern Oscillation (ENSO) is the Earth’s strongest source of year-to-year climate variability as
emphasized by the recent appearance of a remarkable El Nifio event in 2015-2016 (Blunden & Arndt,
2016). The pronounced global impacts of ENSO extend to land and marine habitats, water availability, food
security, economies, and social stability (e.g., Barnard et al.,, 2015; Cashin et al., 2015; Glantz, 2001; Hsiang
etal, 2011; lizumi et al., 2014; McPhaden et al., 2006), thus underscoring the necessity to accurately predict
ENSO well in advance for better management of resources and disaster risk reduction. This has been the
major motivation for intensive research into how ENSO operates.

Since Jacob Bjerknes put forth a hypothesis about 50 years ago that ENSO arises through ocean-atmosphere
coupled feedbacks (Bjerknes, 1966), our understanding about ENSO has progressed significantly through
advances in conceptual theories, modeling, and paleo-reconstructions. However, the shortness of modern
observational record has remained a major issue. That is, although the spatial coverage of our observing
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system has been increasing over time since the 1950s and particularly since the 1970s when buoy and satel-
lite observations became available (e.g., Smith & Reynold, 2004), the temporal record is still too short to suffi-
ciently constrain multiyear variability (Wittenberg, 2009). Longer records deep into the past can be obtained,
but this involves dealing with large uncertainties. Instrumental ocean observations prior to 1950 were sparse,
for instance, due to world war disruptions and were affected by inhomogeneous ship recording practices
(e.g., Ishii et al.,, 2005; Kennedy, 2014; Worley et al., 2005). Paleo-reconstructions are limited in spatial coverage
and still have difficulty in accurately capturing individual ENSO events, even though they can reasonably
capture the statistics over a specific period (e.g., Gergis et al., 2006). For instance, 5180 record from modern
coral at Palmyra Island (6°N, 162°W) over the twentieth century is highly correlated with the Nifio3.4 index, a
commonly used ENSO metric, but the magnitude of individual events can either be severely overestimated or
underestimated (Figure 2 of Cobb et al., 2003). Thus, every new observation, in particular, an emergence of a
strong event, such as the 2015/2016 El Nifio, presents a valuable opportunity to test the prevailing knowl-
edge about ENSO and to review our progress toward a better understanding of this profound climate
phenomenon.

Generated in the equatorial Pacific, ENSO vacillates irregularly between its warm phase, El Nifio, and its cold
phase, La Nifa, peaking in boreal winter and recurring every 2 to 7 years. The central-to-eastern tropical
Pacific Ocean warms during an El Nifio and cools in a La Nifa, causing large-scale changes in ocean and atmo-
spheric circulations within and outside the tropical Pacific, elevating likelihood of extreme weather events
around the globe, such as cyclones (e.g., Bell & Chelliah, 2006; Jin et al, 2014) and extreme rainfall (e.g.,
Power & Callaghan, 2016). The impacts tend to be more dramatic overall during extreme El Nifio events, such
as the 1982/1983 (Philander, 1983) and 1997/1998 (McPhaden, 1999) events, which can translate to signifi-
cant fatalities, economic losses, and large-scale environmental degradation (Changnon, 2001; Glynn, 1990;
Merlen, 1984; Valle et al., 1987). The 1997/1998 El Nifio, for instance, cost tens of thousands of human casual-
ties worldwide and economic losses of tens of billions in U.S. dollars (McPhaden et al., 2006). There were
environmental disruptions such as devastating floods in Peru (Vos et al., 1999), mass coral bleaching events
(Aronson et al., 2000; Strong et al., 1998), and severe drought and forest fires in southeast Asia (Murty et al.,
2000). An enhanced capacity to predict such impactful events is a necessity, especially when they have been
projected to increase in frequency under greenhouse forcing (Cai, Santoso, et al., 2015). There is also some
paleo evidence indicating that twentieth century ENSO variability appears stronger than that in the past cen-
turies or millennia (Cobb et al.,, 2013; McGregor, Timmermann, et al., 2013). Despite the ability of theories and
climate models to provide insights into ENSO extremes (Cai, Santoso, et al., 2015; Takahashi & Dewitte, 2016),
we must live with the fact that there have been only two extreme El Nifio events that were relatively well
observed and documented, and a handful of extreme La Nifia events (Cai, Wang, et al., 2015) against which
to test our understanding.

The 1982/1983 and 1997/1998 El Nifios were not just the most intense in modern observational record but
also the most peculiar. They exhibit unusual characteristics distinct from any other observed El Nifios.
These include an eastward propagation of sea surface temperature (SST) anomalies (McPhaden & Zhang,
2009; Santoso et al., 2013) and particularly intense rainfall in the otherwise dry and cold eastern equatorial
Pacific Ocean (Cai, Borlace, et al., 2014). Such characteristics have been exploited to identify extreme El
Nifio in climate models under present-day and future greenhouse forcing scenarios (Cai, Santoso, et al.,
2015; Santoso et al., 2013). However, given the limited observed sample, it is not certain to what extent
the observed characteristics are applicable to all extreme El Nifio events. For instance, the multimodel
analysis of Cai, Santoso, et al. (2015) showed that extreme El Nifios satisfying the rainfall definition does
not necessarily occur with an eastward propagating El Nifio. This result is in itself an issue as to how an
extreme El Nifo is defined. In addition, it is not yet clear what other variables exist that can potentially be
used in event characterization.

Relative to extreme El Nifio, the characteristics of extreme La Nifia events tend to be less studied, since the
nonnormal nature of the tropical Pacific SSTs is largely due to strong El Nifio events (e.g. Burgers &
Stephenson, 1999). Yet their impacts are equally dramatic. For instance, the 1998/1999 extreme La Nifa
was associated with catastrophic flooding events that claimed thousands of lives in Bangladesh,
Venezuela, and China (Del Ninno & Dorosh, 2001; Jonkman, 2005; Kunii et al., 2002; Takahashi et al., 2001)
and severe drought in the southwestern United States (Bell et al., 1999; Cole et al., 2002), to name only a
few impacts. The fact that the 1998/1999 extreme La Nifla immediately followed an extreme El Nifo is
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concerning. For instance, the 1997-1999 swing of ENSO extremes resulted in a dramatic increased U.S. agri-
culture economic losses from $1.5-1.7 billion in one year to $2.2-$6.5 billion in the following year (Adams
et al.,, 1999). Particularly worrisome is that such swings from extreme El Nifio to extreme La Nifia have been
projected to occur more frequently under greenhouse warming (Cai, Santoso, et al., 2015). As such, a better
knowledge of ENSO extremes is crucial, and the emergence of the strong 2015/2016 El Nifio nearly two
decades after the major El Nifio of 1997/1998, provides a timely opportunity to re-evaluate our knowledge
of ENSO extremes.

The 2015/2016 El Nifio unfolded just after the public and scientific community had anticipated an intense
El Niflo in 2014 (McPhaden, 2015; Santoso et al., 2015). Comparisons of the basic ENSO processes between
the 2015/2016 event and the 1982/1983 and 1997/1998 events can be found in recent papers by
L'Heureux et al. (2017) and Xue and Kumar (2017). As a general measure of ENSO amplitude, the Nifo3.4
index of the 2015/2016 El Nifio registers a value comparable, if not stronger, than the two previous extreme
El Nifio events (L'Heureux et al., 2017; see also Figure 10 below). The Nifio3.4 index is an average of SST
anomaly over central to eastern equatorial Pacific (5°S-5°N, 170°W-120°W), where the global atmosphere
in general responds strongly to underlying SST variations; and is thus commonly used as a key index for
ENSO operational forecasts. The media were abuzz with reports of extreme weather events which appear
consistent with expectations during a strong El Niflo. Indonesia experienced huge forest fires in austral spring
that caused a haze crisis in neighboring countries; Peru was devastated by catastrophic flooding in early
2016; while severe coral bleaching events were spotted in many parts of the Pacific Ocean (Blunden &
Arndt, 2016).

This review paper discusses the current view of ENSO and its extremes in light of the characteristics of the
2015/2016 El Nifio, through analysis of various observed variables that typify ENSO processes. We will also
assess how best to characterize extreme El Nifio and La Nifia events. In effect, we provide a list of physically
based indices that capture the key characteristics of extreme ENSO, which are straightforward to compute.
Such indices would be useful not only for the scientific research community and climate prediction agencies
but also for industries, such as insurance (e.g., Khalil et al., 2007) and agriculture (e.g., Fraisse et al., 2008;
lizumi et al, 2014) that have already considered implementing some of the indices to develop risk
management strategy.

The paper is organized as follows. Section 2 provides an overview of the basic ENSO properties, along with
some of the associated research highlights. To help frame the rest of the discussions, we assign different
strengths to ENSO events in section 3 where a summary of the data sets used in the paper is also provided.
Section 4 examines the observed features of ENSO extremes, providing a context for the 2015/2016 El Nifio,
with discussion of the mixed layer heat budget. Section 5 summarizes the paper with discussion of the exist-
ing gaps and future research directions, touching upon various aspects including inter-basin interactions.

2. ENSO in a Nutshell and Topical Issues

2.1. Origin and Basic Properties

The tropical Pacific contains the essential geographical and physical elements that generate and support
ENSO existence, all of which have evolved throughout Earth's history (e.g., Lyle et al., 2008). In a world without
land masses there would not be an ENSO cycle, as there are no meridional boundaries that can support such
a zonal mode of variability (Marshall et al., 2007). In essence, ENSO exists due to the fact that the tropical
Pacific features equatorward blowing trade winds that veer westward under Coriolis force, accumulating
an enormous volume of water above 28°C toward the Maritime Continent (Figure 1) (Yan et al.,, 1992), termed
the western Pacific warm pool (WPWP). The warm pool fuels vigorous convection of moist air, forming the
ascending branch of the Walker Circulation. This large-scale movement of air mass descends over the dry
eastern equatorial Pacific, marked by a tongue of upwelled cooler waters that extend northwestward off
the South American coast due to the Trades. The Intertropical Convergence Zone (ITCZ), a rainfall band of
atmospheric convection sits just north of this “cold tongue,” extending to the west toward the WPWP
(Schneider et al., 2014). One other major convective zone is the South Pacific Convergence Zone (SPCZ), a rain
band extending southeastward from the warm pool toward the French Polynesia (Kiladis et al., 1989).
Associated with this climatological setup, the atmospheric sea level pressure is lower in the western tropical
Pacific than in the eastern tropical Pacific. To maintain a balance with the atmosphere, the oceanic
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Figure 1. Seasonal climatology of the tropical Pacific, showing SST (color shading), precipitation (contours), and surface
wind velocities (vectors) for (a) boreal spring (March-May average; MAM), (b) summer (June-August average, JJA),

(c) autumn (September-November average, SON), and (d) winter (December-February average, DJF). The data are based
on the ERSSTv5, CMAP rainfall, and NCEP winds from 1979 to 2017.

thermocline—a sharp boundary separating warm upper waters from cold deeper waters (typically marked by
the 20°C isotherm)—shoals eastward, reaching as shallow as 30 m in the far eastern Pacific, and up to 200 m
in the vicinity of the WPWP. This climatological state varies seasonally (e.g., Horel, 1982; Li & Philander, 1996;
Yu & McPhaden, 1999) in response to the seasonal march of solar irradiance with a slight lag owing to the
high heat capacity of the ocean. The cold tongue and the Trade Winds intensify in boreal summer as the
ITCZ marches poleward. Meanwhile, precipitation decreases over the eastern equatorial Pacific reaching a
monthly average value of less than 1 mm d™". The cold tongue then warms toward boreal spring, as the
ITCZ shifts equatorward and the easterly winds weaken.

ENSO is year-to-year deviation from this seasonally evolving climatological state in which anomalous warm-
ing of the eastern equatorial Pacific during an El Nifio is associated with weaker than normal Walker
Circulation, marked by slackened Trade Winds, east-west atmospheric pressure gradient, and thermocline tilt
(Figure 2). These elements interact in a positive Bjerknes-coupled feedback loop (Bjerknes, 1966), whereby
the eastern Pacific warming induces weaker winds which in turn deepen the thermocline, thus further pro-
moting surface warming. The feedback cycle continues toward the end of the calendar year when damping
processes start to take over. Associated with this surface warming, the WPWP shifts eastward and the ITCZ
and SPCZ move equatorward, significantly increasing precipitation in the otherwise dry eastern equatorial
Pacific. La Nifia generally describes the opposite, though this is a loose generalization in particular when
ENSO is viewed from the lens of its extremes as discussed in this present review paper.

2.2. Irregularity and Seasonality

ENSO occurs in a quasi-oscillatory manner with an average period of about 4 years, owing to the particularity
of the tropical Pacific climate system (e.g., Cane & Zebiak, 1985). That is, the climatological elements of the
tropical Pacific, such as the Trade Winds, warm pool, cold tongue, thermocline, including the geometry of
the basin, allow accumulation and lag times for their interactions to result in roughly 2 years for an El Nifio
to develop, peak, and decay, followed by a La Nifa, and so forth in a quasi-cyclical fashion (e.g.,
MacMynowski & Tziperman, 2008). The cyclical tendency of ENSO occurrence, and specifically the transition
from one opposite phase to the other, can be generally explained through conceptual models such as the
recharge-discharge oscillator (Jin, 1997), delayed oscillator (Battisti & Hirst, 1989), western Pacific oscillator
(Weisberg & Wang, 1997), or advective-reflective oscillator (Picaut et al., 1997). These theoretical models
include the Bjerknes positive feedback but have different views on the negative feedback process that
involves ocean equatorial waves (see also Wang, 2001, for a unified view of these frameworks; and
Fedorov, 2010, on how these oscillator models are various limits of an integro-differential equation that
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Figure 2. General ENSO properties. (a) Anomalous patterns in SST (color shading), T300 (contours), and surface wind velo-
cities (vectors), shown as regressions onto the Nif03.4 index. (b) Standard deviation of the Nifio3.4 index as a function of
season (calculated with a 3 month sliding window from January 1950 to February 2017), representing ENSO amplitude
toward the end of the calendar year when it peaks. (c) Power spectrum of the Nif03.4 index (January 1950-December
2016), indicating the characteristic frequency of ENSO at about 4 years/cycle. The data in Figure 2a are based on ERSSTV5,
GODAS for T300, and NCEP winds. In Figures 2b and 2¢, the different colors correspond to different SST reanalysis products.
Boxed regions in Figure 2a indicate Nifio4 (5°S to 5°N, 160°E-150°W), Nifio3.4 (5°S-5°N, 170°W-120°W), Nifio3 (5°S-5°N,
150°W-90°W), and Nifo1+2 (10°5-0°, 90°W-80°W).

describes equatorial dynamics in a low-frequency approximation). These theories describe the deterministic
component of ENSO, which makes it the most predictable climate phenomenon, with potential forecast lead
times extending to more than a year (Chen & Cane, 2008; Latif et al., 1998). However, observations show a
high degree of irregularity in these vacillations. The power spectrum of the Nifio3.4 index (Figure 2c)
shows that while there is a peak at about 4 years per cycle, the interannual spectrum is rather broad,
spanning 2-7 years per cycle.

The issue of aperiodicity or irregularity is critical as it essentially underscores what limits ENSO predictability
(Fedorov et al., 2003). Thus, much effort has gone into understanding the factors that cause variations in
ENSO behavior. These include stochasticity or weather noise (e.g., Blanke et al., 1997; Eckert & Latif, 1997),
chaos stemming from the deterministic nonlinear ocean-atmosphere dynamical system and the annual cycle
(e.g., Jin et al., 1994; Minnich et al.,, 1991; Neelin et al., 2000; Tziperman et al., 1994), as well as changes in the
background climate state (e.g., Fedorov & Philander, 2001; Wang & An, 2002) and processes external to the
tropical Pacific (e.g., Kajtar et al., 2017; Kucharski et al., 2016; Terray et al., 2016). Investigating these processes
requires the use of climate models of a certain degree of complexity, such as a simple conceptual model (e.g.,
Jin, 1997; Suarez & Schopf, 1988), an intermediate complexity model (e.g., Zebiak & Cane, 1987), or a compre-
hensive general circulation model, depending on the extent to which particular processes need to be isolated
and controlled.

Using a comprehensive ocean model coupled to a simple atmospheric model, Blanke et al. (1997) exam-
ined the effect of stochastic winds on ENSO irregularity. Without stochastic wind forcing, a regular self-
sustained oscillation was produced, indicated by a sharp spectral peak; whereas with weather noise the
spectral peak broadened substantially, resembling the observed. In the real system, stochasticity can
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manifest in the form of “wind bursts"—episodic but sustained reversals or enhancements of winds about
the equator for several days, which can be due to various factors, such as tropical cyclones and Madden-
Julian Oscillation (e.g., Puy et al., 2016). Wind bursts can trigger ENSO development and influence its
eventual fate, depending on the characteristics of the wind bursts (e.g., strength, timing, and location)
as well as the prevailing background condition of the tropical Pacific (e.g., Fedorov, 2002). Such stochastic
forcings ultimately lead to diversity in ENSO strength, patterns, and timing (e.g, Hu et al, 2014;
Karnauskas, 2013). On the other hand, other studies such as Munnich et al. (1991) demonstrate that sto-
chastic forcing alone is not the only source of aperiodicity, but another contender is chaos stemming
from nonlinearity in the deterministic system. The use of a simple linear shallow-water equatorial ocean
model driven by zonal wind forcing as a nonlinear function of eastern equatorial Pacific thermocline
depth allowed Minnich et al. to systematically explore the effect of air-sea coupling strength as well as
Rossby waves. Self-sustained oscillation was achieved under sufficiently strong coupling, and irregularity
then emerged, even in the absence of weather noise, as air-sea coupling and/or number of Rossby waves
were increased. These results were produced in a model without annually varying climatology, but
aperiodicity appeared more readily if the model incorporated seasonality. The role of the seasonal cycle
in giving rise to chaotic behavior on interannual time scales was elaborated further by Jin et al. (1994)
and Tziperman et al. (1994), through the so-called mechanism “quasi-periodicity route to chaos”
(Jensen et al., 1984).

The fact that ENSO variability can be produced in models without an annual cycle, that is, in the absence of
seasonal shifts in the trade winds, ITCZ, SPCZ, and so forth, indicates that the intrinsic seasonality is not a
requirement for ENSO existence. However, the annual cycle does introduce peculiarity in ENSO behavior,
including the salient seasonal phase-locking property (e.g., Rasmusson & Carpenter, 1982), featuring the ten-
dency for ENSO amplitude to peak toward the end of calendar year from a minimum in boreal spring
(Figure 2b). This aspect is relevant for seasonal forecasting, and thus the mechanism for the seasonal phase
locking of ENSO has been a subject of active research (e.g.,, An & Wang, 2001; Dommenget & Yu, 2016;
Harrison & Vecchi, 1999).

There exist two main paradigms for the seasonal phase locking, with the first being related to the
frequency-locking mechanism of Jin et al. (1994) and Tziperman et al. (1994). The other is related to
the modulation of ENSO's growth rate according to the seasonal variation of the equatorial Pacific clima-
tological state (Hirst, 1986; Philander et al., 1984; Stein et al., 2010). Stein et al. (2014) argued using experi-
ments with a recharge oscillator model that it is the latter paradigm that seems to be the more likely
mechanism. This re-emphasizes what had been inferred by earlier studies, as clearly surmised by
Tziperman et al. (1997): “Hirst (1986) noted that the annually averaged basic state of the equatorial
Pacific is too stable to support the onset of ENSO as a coupled ocean-atmosphere instability. Thus the
seasonality of the background state is important in creating times during the year in which this state is
unstable and ENSO can initiate through a coupled instability mechanism (Hirst, 1986; Philander, 1983;
Philander et al., 1984).” The seasonality property is also reflected in the predictability of ENSO. The so-
called “spring predictability barrier” exists in which ENSO forecast skill drops off dramatically over boreal
spring than any other seasons in the year (Webster & Yang, 1992). This appears to be also associated with
the annual cycle in the growth rate of ENSO. For instance, Levine and McPhaden (2015) found that spring
predictability barrier exists in a conceptual recharge oscillator model only when the ENSO growth rate is
set to vary seasonally.

Many of the studies mentioned above implemented models that include just the tropical Pacific basin, yet
ENSO and its irregularity can be produced. However, in reality, there are various forcings coming from other
regions, including the effect modes of climate variability sourced in other oceans via atmosphere and ocean
teleconnection. These remote modes, such as the Indian Ocean Dipole (Saji et al., 1999) and the Atlantic Nifio
(Merle, 1980; Zebiak, 1993), are now realized to be able to influence ENSO evolution (e.g., Izumo et al.,, 2010;
Rodriguez-Fonseca et al., 2009), either in combination or independently (Kajtar et al., 2017). Each also con-
tains their own stochasticity, thus also contributing to ENSO irregularity. To complicate matters, ENSO irregu-
larity also appears to be influenced by the mean state climate. This is reflected in the dependency of ENSO
predictability on the decadally evolving mean state climate and the associated changes in ENSO character-
istics (Aiken et al., 2015; Balmaseda et al., 1995; Barnston et al., 2012; Fliigel & Chang, 1998; Horii et al.,
2012; Kirtman & Schopf, 1998; McPhaden, 2012; Tang et al., 2008; Zhao et al., 2016).
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2.3. ENSO-Mean State Interactions

The seasonal phase locking of ENSO reaffirms the close link between ENSO and the background climate.
Various studies have demonstrated how ENSO behavior and characteristics are dependent on the structure
of the background mean state which evolves on long time scales. This dependency is obvious on geological
time scales (e.g., Cane, 2005; Manucharyan & Fedorov, 2014), such as in association with the wobble of the
Earth'’s orbit (Braconnot et al., 2012; Clement et al., 1999; Timmermann et al., 2007), continental drifts affecting
the configuration of oceanic gateways like the Indonesian throughflow (Santoso et al., 2011; Song et al.,,
2007), freshwater discharge into the North Atlantic Ocean (Timmermann et al., 2005), and so forth, all of
which dramatically alter the mean state climate and in turn ENSO characteristics.

On decadal time scales, disentangling mean state-ENSO linkage is somewhat a more contentious issue. This is
because ENSO can rectify onto the mean state through nonlinear dynamics (e.g., Sun et al., 2014) or redden
through ocean and atmosphere teleconnections (e.g., Newman et al.,, 2016), thus giving rise to decadal varia-
bility, manifesting in modes such as the Interdecadal Pacific Oscillation (IPO) (Power et al.,, 1999) or its
Northern Hemisphere analog, the Pacific Decadal Oscillation (PDO) (Mantua et al., 1997). Yet the impact of
decadal mean state on ENSO can be readily explained through coupled dynamical frameworks (e.g.,
Boucharel et al.,, 2015; Choi et al.,, 2011; Jin et al.,, 2006, 1996; Liibbecke & McPhaden, 2014). Research on this
issue was particularly stimulated following the apparent climate shift around the mid-1970s towards a more
positive IPO phase until the late 1990s, as evident from an El Nifio-like decadal mean state with warming of
the tropical Pacific and slackened Pacific Trade Winds (e.g., Trenberth & Hurrel, 1994). The ENSO properties
and dynamics pre- and post-1970s decadal periods are distinct (see also Aiken et al., 2013; Capotondi &
Sardeshmukh, 2017). The earlier period exhibits higher frequency and weaker amplitude than the later period
(e.g., An & Wang, 2000), consistent with theoretical understanding which emphasizes the stronger role of the
“thermocline feedback” (An & Jin, 2000; Fedorov & Philander, 2000; Wang & An, 2002).

The thermocline feedback, which involves subsurface temperature anomalies acting upon the mixed layer in
the far eastern equatorial Pacific, is one of the three major components of the Bjerknes positive feedback. The
other two are the “zonal advective” and “Ekman pumping” feedbacks, which involve anomalous zonal and
vertical currents acting on the respective mean temperature gradients (see section 4.1). The increased impor-
tance of the thermocline feedback has also been associated with the emergence of the tendency for a stron-
ger signature of eastward propagating SST anomalies in the post-1970s period, although such property is
largely associated with the 1982/1983 and 1997/1998 extreme El Nifios that feature strong SST anomalies
toward the far eastern Pacific (McPhaden & Zhang, 2009; Santoso et al., 2013; see section 4.2.1 below). As
the mean state has, in recent decades, switched back into a more negative IPO phase, which can explain
the early 21st century global warming hiatus (England et al., 2014; Kosaka & Xie, 2013; see Medhaug et al.,
2017 on hiatus controversies), ENSO variability consistently weakens (Hu et al., 2013), marked by more fre-
quent emergence of weaker El Nifio events that peak in the central Pacific (Lee & McPhaden, 2010; Xiang
et al,, 2013)—often referred to as central Pacific (CP) El Nifio (Kao & Yu, 2009), El Nifilo Modoki (Ashok et al.,
2007), dateline El Nifio (Larkin & Harrison, 2005), or warm pool El Nifio (Kug et al., 2009). This has been asso-
ciated with the declining role of the thermocline feedback (Boucharel et al., 2015; Guan & McPhaden, 2016;
Libbecke & McPhaden, 2014).

Certainly, one of the most intriguing and pressing issues in recent decades is how ENSO would respond to
greenhouse forcing (e.g., Timmermann et al., 1999). As anthropogenic greenhouse gas emission continues
to climb, climate models project a mean state climate with weakened Walker Circulation (Vecchi et al.,
2006), leading to slower ocean circulation (DiNezio et al., 2009; Sen Gupta et al, 2016; Vecchi & Soden,
2007), warmer SSTs and more rainfall toward the equator (Xie et al., 2010). While there is a high agreement
across models on the mean state changes, the response of ENSO was found to be uncertain (Collins et al.,
2010; Latif & Keenlyside, 2009; Taschetto et al., 2014) due to changes in the underlying feedback processes
that tend to compensate one another (Kim & Jin, 2011) or decadal variability (Kim et al., 2014). Further studies,
however, argued that there is in fact a detectable change in ENSO, not through the conventional measures of
SSTs, but through its expression in rainfall (Cai, Santoso, et al., 2014; Power et al., 2013) and the zonal phase
propagation of SST anomalies (Santoso et al, 2013)—physical variables that characterize the observed
extreme El Nifio, but only in models that can simulate such properties. Cai, Wang, et al. (2015) also found
increased frequency of extreme La Nifia in models that can simulate extreme ENSO. However, with the lim-
ited observational record, one basic question remains: What are ENSO extremes?
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Figure 3. Classification of years as neutral, weak, or strong ENSO year. See section 3 for method. Empty circles denote years
that could be marginally assigned into the stronger class (e.g., 1983/1984 and 2016/2017 neutral conditions could be
marginally weak La Nifa, and 2014/2015 could be a weak El Nifio). The colors and marker types are consistently used
throughout the paper.

3. Data Sets and ENSO Years

To aid the rest of the discussions, we first categorize ENSO events based on their strength which is typically
measured by the Nifo3.4 index in the boreal winter (Figure 3). For this purpose, it is of interest to utilize a
long record, going as far back in time as possible to obtain sufficient samples for each different class of
events. Even though data from the late 19th century are available, we choose to examine the 1950 to pre-
sent (mid-2017) period when observations are more abundant, while still bearing in mind observational
uncertainty pre-1970s (Kennedy, 2014). We use reanalysis products for smooth spatial and temporal cover-
age to reveal variability structures that have dynamical implications; these are the NOAA Extended
Reconstructed SST version 4 (ERSSTv4) (Huang et al,, 2015) and its recently updated version 5 (ERSSTv5)
(Huang et al, 2017), the Hadley Centre SST (HadISST) (Rayner et al., 2003), and the Centennial In Situ
Observation-Based Estimates (COBE) SST (Ishii et al.,, 2005). These products differ in various aspects such
as the choice of observations, statistical and data assimilation methods, and resolution. Some intercompar-
isons across these four products are provided by Huang et al. (2017). As will be seen throughout the ana-
lysis below, these products are generally consistent across different metrics. They are also broadly
consistent with one another in their long-term trends in the post 1950 period (Figure 8). This may not
be necessarily the case if we consider trend from 1900, due to inconsistency in the estimate of ENSO
events (Solomon & Newman, 2012), which could be amplified prior to 1950 (see Figure 30 and correspond-
ing remarks in section 5).

We use multiple SST products not to construct observational error bars per se to attach on every metric. We
do this primarily to construct a more generalized event classification that is less sensitive to variations in the
analysis period, because not all of the other variables to be analyzed here (e.g., precipitation and heat con-
tent) are available for the same record period as the SST. To enhance this step further, we also take into
account slight variations in the ENSO peak season. While various studies have used the December-to-
February (DJF) average to mark the peak of ENSO, coinciding with the actual winter season, the Nifi03.4 stan-
dard deviation peaks in November-January (NDJ; Figure 2b). Thus, we consider whether the strength of the
Nifo3.4 anomaly averaged over NDJ or DJF for any of the four SST reanalysis products exceeds 1 standard
deviation for a strong ENSO year; between 0.5 and 1 standard deviation for a weak ENSO year; or falls below
half of the standard deviation for a neutral year. If any of the years in the stronger class are also captured by
the weaker class (via any of the products or seasons), then these years (denoted by empty circle in the stron-
ger class; Figure 3) are assigned to the weaker class. Such years can also be considered as marginal events
(e.g., 1983/1984,2014/2015, 2016/2017 neutral conditions could be viewed as marginally weak ENSO events).
Note that the Nifio3.4 time series is first detrended over 1950-2016 to remove the long-term trend (Figure 8).
This results in the following years to be robustly identified as the development phase of strong El Nifio: 1957,
1965, 1972, 1982, 1991, 1997, 2009, and 2015; weak El Nifio: 1963, 1968, 1976, 1977, 1987, 1994, 2002, and
2006; strong La Nifa: 1973, 1975, 1988, 1998, 1999, 2007, and 2010; and weak La Nifa: 1950, 1954, 1955,
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1964, 1970, 1971, 1984, 1995, 2000, 2005, 2008, and 2011. These are assigned with unique colors and marker
types which are consistently used throughout the paper.

Other than the 1982/1983, 1997/1998, and 2015/2016 El Nifos, we also pay attention to the 1972/1973 event
as it has been regarded as an extreme El Nifio by previous studies (e.g., Chen et al,, 2016; Hong et al., 2014).
These four events are to be compared to the remaining five strong events. Shortening the analysis period to
start from 1970 or 1980 would result in having only two other strong events to compare with (Figure A1),
although there are also weaker events that could be considered as marginally strong (red empty circles).
The classification is not very sensitive to variations in the analysis period or if the data are not detrended
(Figure A1) and thus can be uniformly applied to mark the different years in all analysis with the different
record periods. The sensitivity would be greater if we use only a single product and season, especially over
the shorter period of which the products diverge more in the trends (Figures 8 and A2). Note that a few mar-
ginal events can be affected, such as the 2014/2015 warm event which is classified as a weak El Nifio if the raw
data are used or if detrended over 1980-2016 (Figure A1). Nonetheless, this does not influence our overarch-
ing discussions and conclusions about ENSO extremes. In certain plots, we also show the warm events that
peak in the central Pacific, marked with a “plus” symbol. These are simply defined when the DJF average
Nifio4 index averaged across products is greater than 0.5°C and greater than Nifo3, following Yeh et al.
(2009), thus identifying the following years as CP El Nifio: 1958, 1968, 1977, 1979, 1987, 1990, 1994, 2002,
2004, 2006, 2009, and 2014.

The generalized event classification is to be utilized in various analyses below that include empirical orthogo-
nal function (EOF) and surface heat budget (section 4.1). To further illustrate observational uncertainty, three
products for rainfall are also adopted: the standard and enhanced versions of the CPC Merged Analysis of
Precipitation (CMAP) (Xie & Arkin, 1997), as well as the Global Precipitation Climatology Project (GPCP) ver-
sion 2.3 (Adler et al.,, 2003), both are available from 1979. The rest of the data sets include the NCEP/NCAR
Reanalysis (Kalnay et al., 1996) for sea level pressure (SLP) as well as monthly averaged zonal and meridional
wind velocities at 850 hPa and daily data at the surface. While the Southern Oscillation Index (SOI) can be cal-
culated from the NCEP reanalysis SLP, we chose to utilize SOl provided by the Australian Bureau of
Meteorology. The average of ocean temperature above 300 m (T300) is used as a proxy for upper ocean heat
content. Various indices of equatorial T300 are provided by the TAO Project Office of NOAA/PMEL (available
from 1980). The Global Ocean Data Assimilation System (GODAS) reanalysis (Behringer, 2007), also available
from 1980, is used for examining the T300 spatial pattern and to conduct heat budget analysis. To support
the heat budget discussion, we also examine the output of the Estimating the Circulation and Climate of
the Ocean—Phase Il (ECCO2) reanalysis which is available from 1992 (Menemenlis et al., 2008). All of these
products are continuously updated and made available to the public on regular basis.

Care should be taken in interpreting subsurface oceans in the equatorial Pacific prior to the mid-1980s when
the establishment of TAO/TRITON array of moored buoys had just begun under the auspices of TOGA
(Tropical Ocean-Global Atmosphere observing system) (McPhaden et al., 1998). This also applies to meteor-
ological observations before TOGA and satellite era. For discussions on the complexity and historical devel-
opment of ocean-atmosphere measurements, the readers can refer to articles by Woodruff et al. (2011),
Abraham et al. (2013), Kennedy (2014), and Kent et al. (2017), among others. It is expected that differences
in observational estimates produced by various reanalysis systems introduce uncertainties which are relevant
for inter-event comparisons, but the divergence is unlikely to be large enough to alter the dynamical under-
standing that has been built through decades of reconciliation across theory, modeling, and observations.
For example, modes of variability in different wind products are overall consistent with one another without
introducing ambiguity about the basic understanding of the system (McGregor, Ramesh, et al., 2013).
Nonetheless, observational uncertainties should be borne in mind in our discussions that follow, even when
error bars are prescribed.

4. ENSO Extremes

Unlike moderate events, ENSO extremes are by nature a nonlinear phenomenon. The success of linear mod-
els in describing the general ENSO behavior (e.g., the recharge oscillator of Jin, 1997) gives an impression that
ENSO is intrinsically a linear system with El Nifio and La Nifia being a mirror image to each other. This does at
first appear to be the case as the distribution of the Nifo3.4 index anomaly (detrended with seasonal cycle
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Figure 4. (a) Skewness of SST anomalies along the equatorial Pacific for all years from 1950 (black). The blue curve shows
skewness calculated without the developing and decaying years of the strongest ENSO events: 1972/1973, 1982/1983,
1997/1998, 2015/2016 El Nifio events, and 1973/1974, 1975/1976, 1988/1989, 1998/1999, 1999/2000, 2007/2008, 2010/
2011 La Nifa events. Inset shows histogram of standardized Nifio3.4 anomalies (gray shading), with the overlaid black
curve indicating histogram of 10,000 random numbers generated from a normal distribution. (b) SST anomalies along the
equator averaged over December to the following February. The analysis is based on the ERSSTV5 reanalysis, with long-
term trend removed.

removed) is approximately Gaussian (Figure 4a). However, this near normality, which is measured by
skewness close to zero, does not hold everywhere across the equatorial Pacific (Burgers & Stephenson,
1999): the skewness of SST anomalies turns from slightly negative in the western central Pacific (e.g., the
skewness of Nifio4 index is about —0.5) to highly positive into the far eastern Pacific (e.g., skewness of
Nifo1+2 exceeds 1). This is clearly demonstrated in Figure 4a (black curve) showing the skewness along
the equator, where it goes from negative in the west to highly positive in the east.

This nonnormal characteristic is primarily associated with strong ENSO events (Figure 4b), with exceptionally
warm SST anomalies peaking toward the east notably during the 1972/1973, 1982/1983, 1997/1998, and
2015/2016 El Nifio events, and cold SST anomalies peaking westward during 1973/1974, 1975/1976,
1988/1989, 1998/1999, 1999/2000, 2007/2008, and 2010/2011 La Nifa events. The contribution of these
strong events to the nonlinearity can be gauged by recalculating the skewness with these strong events
removed. To illustrate this, we remove 12 months before and after their peak, resulting in severe weakening
of the skewness (Figure 4a, blue curve). This demonstrates the nonlinear nature of strong ENSO events.

The nonlinearity in SSTs described above has been the motivating basis for active research into understand-
ing the physics behind the asymmetry between El Nifio and La Nifia, such as in intensity, duration, pattern,
and teleconnection (e.g., An & Jin, 2004; Boucharel et al., 2009; Cai, Santoso, et al., 2015; Capotondi et al.,
2015; Choi et al., 2013; DiNezio & Deser, 2014; Dommenget et al,, 2013; Frauen & Dommenget, 2010; Jin
et al.,, 2003; Kang & Kug, 2002; Kessler, 2002; Kim et al., 2015; Levine et al., 2016; McGregor, Ramesh, et al.,
2013; Monahan & Dai, 2004; Okumura & Deser, 2010; Santoso et al., 2013; Takahashi & Dewitte, 2016;
Takahashi et al.,, 2011; Timmermann et al., 2003).
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In this section, we explore the various processes underpinning ENSO, to further reveal the nonlinear nature of
ENSO extremes, with the 2015/2016 El Nifio event giving a useful perspective. We begin with an analysis of
the surface ocean heat fluxes to get a sense of the rapidity of their evolution, followed by an examination of
processes and the associated indices that capture the characteristics of these events.

4.1. Governing Ocean Heat Fluxes

A heat budget analysis of the ocean mixed layer has been generally used to examine the underlying pro-
cesses behind ENSO (e.g., An & Jin, 2004; Jin et al.,, 2003; Kim et al,, 2015; Su et al,, 2010). The analysis decom-
poses heating rate, which shapes the SST anomalies, into its different components:
0 0 , . ) . . ) . L ) ,7

,LmT‘:,Lm{Q - [(uTX+uTX+uTX) + (va+va+va) + (WTZ+WTZ+WTZ>”+Res, M
where Q is net air sea heat flux; u, v, and w correspond to zonal, meridional, and vertical current velocities; T is
potential temperature. The subscripts x, y, and z denote derivative operators in the zonal, meridional, and ver-
tical direction, respectively, and prime indicates anomaly from the climatological state denoted by the over-
bar. Each of the bracketed components correspond to zonal, meridional, and vertical advection (or transport)
of heat, which can be further decomposed into nonlinear advection, advection of temperature anomaly by
the climatological current, and advection of mean temperature by anomalous current. The current and tem-
perature anomalies are linked to anomalous wind fields and thermocline depth variations. These collective
terms are integrated across the surface mixed layer of depth H,,, commonly taken as 50 m, and any unre-
solved processes like turbulent mixing are typically contained in the residual term, Res. The heat budget ana-
lysis, which benefits from the increasing availability and improvements of ocean reanalysis products, allows a
determination of the dominant terms and thus the important underlying processes that contribute to the
changes in SST.

Examining the mixed-layer heat flux components in the eastern equatorial Pacific about the peak of ENSO
events, Jin et al. (2003) and An & Jin (2004) found, using NCEP Ocean Data Assimilation System (ODAS)
and the Simple Ocean Data Assimilation (SODA) beta 7 version, the nonlinear terms to be key in giving
rise to the amplitude asymmetry. The horizontal and vertical nonlinear ocean advections were found to
amplify warm SST anomalies but damp cold anomalies. However, with the more recent versions of the rea-
nalysis products (SODA versions 2.0.2 and 1.4.2, and GODAS), Su et al. (2010) found that the nonlinear ver-
tical advection instead damps the El Nifio amplitude. They attributed these inconsistencies to biases in the
vertical velocity derived from the previous reanalysis products. In further contrast to the earlier studies,
using the latest version of SODA (version 2.2.4), Kim et al. (2015) found that the linear advection of mean
temperature by zonal current anomaly (u'Ty), that is, associated with the zonal advective feedback,
becomes the major contributor, instead of the nonlinear terms that play a secondary role. Our analysis
below based on the GODAS and ECCO2 data sets supports the important role of zonal advective feedback
as concluded by Kim et al. (2015).

Figure 5 shows the various heat flux components in Nifio4, Nifo3.4, Nifio3, and Niflo1+2 regions, averaged
over March to November (Period I; left column) and September to May the following year (Period II; right col-
umn) for each ENSO year from 1980 to present as covered by GODAS. The periods are chosen so as to capture
the primary development and the peak to decay phases of ENSO evolution (see also Figure 6). The latter cor-
responds to the similar averaging period used by An and Jin (2004). The analysis is repeated using the ECCO2
data sets, which are available from 1992, and some of the results are shown in Figure 6. There are a number of
interesting features underlining the nature of ENSO extremes that can be deduced from the GODAS analysis,
which are broadly consistent with the ECCO2 results over the overlapping period. These are synthesized
below:

1. Increasing role of vertical advection eastward. It can be seen that the prominence of the thermocline
feedback (associated with the WT’Z term) and Ekman pumping feedback (WT,) increase toward the
eastern equatorial Pacific (Nifo3, Nifo1+2), while the relative importance of the zonal advective feed-
back (u/TX) increases toward central Pacific (Nifio4). This highlights the fact that the thermocline depth
shoals eastward, making it easier for changes in subsurface temperature to influence SSTs in the far east-
ern Pacific than in the central Pacific. It is noted however that the WT, term is comparable with or even
smaller than u'T, in the Nifo3 region. This may at first appear at odds with prevailing ENSO theory
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Figure 5. Main ocean heat flux components in the top 50 m as laid out in equation (1), (left column) averaged over March
to November (Period 1) and (right column) September to May in the following year (Period Il) over the indicated regions.
The values are shown for the different years as indicated by the different marker types. Red and blue markers with error
bars are for the average of all El Nifio and La Nifa years, respectively. Error bars are 1 standard deviation unit above

and below the means. The analysis is based on detrended data of GODAS reanalysis which covers 1980 to present. All terms
shown have been averaged over 50 m, and the negative sign attached to all advection terms in equation (1) has been
absorbed into each of the terms shown.

(e.g., Jin et al, 2006; Neelin et al., 1998) and many modeling studies (e.g., Borlace et al., 2013; Fedorov et al.,
2015; Huang et al., 2012; Kim et al,, 2014) that emphasize the dominance of the thermocline feedback in the
eastern Pacific—although the relative dominance can substantially vary decadally and across different
models. GODAS might have stronger bias in its velocity fields than ECCO2, as heat, momentum, and salt
are conserved in ECCO2 but not in GODAS (e.g., Halpern et al,, 2015; Huang et al., 2010). However, WT'Z is
even smaller than u'TX in ECCO2. It turns out that the discrepancy is not so much related to biases in the
reanalysis products, but rather due to how the “thermocline feedback” is expressed in the heat budget
equation. First note, WT, ~W (T — T,,/Hm), where T, is SST anomaly and T, is subsurface anomaly
below the mixed layer. In theoretical studies, the thermocline feedback is typically prescribed to WT,,
component so that T, can then be expressed in terms of wind stress and SST anomaly as to formulate
a conceptual model (e.g., Jin et al., 2006). The WT'O component is, on the other hand, considered as part
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Figure 6. (a) Temperature tendency, (b) zonal advective feedback term, and (c) the subsurface component of the
anomalous vertical advection by mean upwelling in the GODAS reanalysis. (d—f) As in Figures 6a-6¢ but for the ECCO2
reanalysis. Light red and blue shadings indicate 1 standard deviation unit above and below the mean for all El Nifio and La
Nifa years, respectively.

of a damping term by the mean currents. Studies that adopt such framework will tend to report stronger
dominance of the thermocline feedback (e.g., Boucharel et al., 2015; Ren & Jin, 2013). Figure 6 shows that
the WT,,, component is clearly larger than u T, in both GODAS and ECCO2. Also notable in Figure 6 is
how the thermocline feedback defined as WT,,, shows clearer role in maintaining SST anomalies a
few months beyond the event peak. In either case, the relative dominance of the thermocline
feedback increases toward eastern equatorial Pacific.

2. Importance of zonal advective feedback. The relative dominance of the zonal advective feedback (u'TX)
increases westward. Even though u Ty is the largest term in the central Pacific, it is still an important fac-
tor for the development of both warm and cold anomalies in the Nifio3 region where the SST skewness is
high (Figure 4a). The respective ensemble averages of all El Nifio and La Nifa years (red and blue square
markers with error bars) during Period | display notable asymmetry between El Nifio and La Nifia in that
the associated heating rate is robustly positive for El Nifio, as also reflected in the total heating rate.
Other important terms include v T'y, WT'Z, and w'T,, which also display asymmetry between the opposite
ENSO phases.

3. Role of nonlinear terms. The zonal and vertical nonlinear terms in the Nifio3 largely reveal a damping on La

Nifa and El Nifio, respectively , in agreement with Kim et al. (2015) and Su et al. (2010). The nonlinear
terms become larger in the later period (Period ll), acting to prolong the 1982/1983 and 1997/1998 El
Nifio SST anomalies, together with the large vertical advection terms in Nifio1+2.

4. Extreme heating/cooling rates. Once the strongest ENSO events are revealed, rather than just examining

the composites, two events emerge as the most extreme in the total heating/cooling rate (T;) over the
development period (Period 1) in the eastern equatorial Pacific (Nifio3.4, Nifio3, Nifo1+2). These are the
1997/1998 El Nifo (dark red circle) and the subsequent 1998/1999 La Nifa (upward triangle). In fact,
the magnitude of T; tends to be larger for the 1998/1999 La Nifa than for the 1997/1998 El Nifio across
the equatorial Pacific.

5. Relevance of initial conditions. The stronger cooling rate for the 1998/1999 La Nifia than the extreme heat-

ing rate of the 1997/1998 El Nifio is understandable for the central Pacific where SST skewness is negative
but is counterintuitive for the positively skewed SST in the eastern Pacific (Figure 4). Furthermore, the sub-
sequent 1999/2000 La Nifa (downward dark triangle; Figure 5) does not require much cooling rate to
achieve its large negative SST anomalies. The cooling rate is even positive in the Nifio4 region. These
counterintuitive features emphasize the relevance of initial condition. Simply, the 1998/1999 La Nifa
starts off from an extremely warm condition associated with the 1997/1998 El Nifio, and thus requires
extremely large cooling to materialize as a strong La Nifa. Then, the 1999/2000 La Nifa does not
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Figure 7. The relevance of initial condition. (a) Monthly Nifio3.4 SST anomalies constructed by integrating the monthly SST
tendency for each year forward from the previous December-February average value as initial condition. (b) The same
as Figure 7a but taking 0°C anomaly as initial condition. The resulting SST anomalies at the end of the integration in
December show skewness of 0.21 in Figure 7a and —0.46 in Figure 7b. The analysis is based on ERSSTV5 from 1950 onward.

require further cooling. The importance of initial condition is illustrated in Figure 7 which shows
integrated Nifo3.4 T, forward from either an initial condition of December-February average anomaly
(Figure 7a) or zero anomaly (Figure 7b) into the following December. The former results in a skewness
of 0.21 in December and the latter results in skewness of —0.46, with strong La Nifa amplitude being
greater than El Niflo. However, it is important to note that the initial condition does not only serve as a
baseline but also determines the subsequent coupled feedback processes that determine the strength
of the resulting event (e.g., Fedorov et al., 2015).

6. The 2015/2016 El Nifio. The most striking distinction between the 2015/2016 El Nifio and the 1982/1983
and 1997/1998 El Nifos appears in the notably larger thermocline feedback-associated term (WT’Z) in
the Niflo1+2 region over Period Il which acts to prolong the 1982/1983 and 1997/1998 El Nifio. The zonal
advective feedback in the Nifio4 region is also larger in the past two strong El Nifios than the 2015/2016
event. The total heating rates for the most recent El Nifio are comparable with the 1982/1983 event, but
notably weaker than the 1997/1998 event. However, note that the 1982/1983 event developed late as
indicated by the more positive (or less negative) heating rates in Period Il than other events. Despite
the weaker heating rate than the 1997/1998 event, the magnitude of the 2015/2016 SST anomalies in
Nifilo4 and Nifi03.4 is comparable to the 1997/1998 El Nifio. This highlights the role of the 2014/2015 warm
condition (see also Abellan, McGregor, England, et al., 2017). Without the warm initial condition, the
2015/2016 El Nifio would turn out weaker than the 1997/1998 El Nifio (Figure 7).

The nonlinearity noted above manifests in asymmetric properties between El Nifio and La Nifa, in
pattern,intensity, and evolution of the SST anomaly, rainfall, winds, upper ocean heat content,and many others.
This will be revealed and discussed next to further understand the nature of this nonlinear phenomenon.

4.2, Extreme Characteristics

4.2.1. Sea Surface Temperature Anomalies

ENSO events are often characterized through their SST anomaly patterns at their peak in boreal winter, typi-
cally taken as the December-to-February (DJF) average. To reveal ENSO pattern, it is necessary to first have
the data detrended, to remove the apparent long-term warming in the background climate from 1950
(Figure 8). Without detrending, the 2015/2016 pattern is overwhelmed by the background warming signal
(Figure 9), making it difficult to compare against past ENSO events whose patterns differ little with or without
detrending. The background long-term warming makes the 2015 Nif03.4 the warmest since at least 1950
(Figure 10), leading the event to be hailed as a record-breaking El Nifio. Once the warming trend is removed,
the 2015/2016 Nifo3.4 is comparable with the 1997/1998 El Nifio. This comparative analysis exploits small
variations in the seasonal peak of ENSO (November—January and December-February) and possible varia-
tions across different reanalysis products (ERSSTv4, ERSSTv5, HadISST, and COBE) to provide an estimate of
uncertainty for statistical significance test (see Figure 10 caption). Further, the background warming also con-
tributes in making the 2015/2016 peak warm SST anomaly over the central Pacific (Nifio4 region) to be record
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indicate any disagreement in the sign of the trend across the products. The corresponding trends for each product are
shown in Figure A2.
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Figure 10. Time series of ENSO indices averaged over November-January (NDJ) and December—February (DJF) across the
four reanalysis products. The raw and detrended time series are displayed in red and blue, respectively. The dashed hori-
zontal lines indicate the corresponding 2015 values to provide a comparative gauge with past events. Any past events
showing either not significantly different or significantly stronger warm anomalies than the 2015/2016 value are indicated
with black downward triangle for the detrended time series and green upward triangle for the raw time series. Statistical
significance is evaluated using a one-sided Student’s t test at 99% confidence level based on the difference between
the value at each year and the 2015 value, each having eight samples (NDJ and DJF values across the four products). Strong
El Nifio and strong La Nifa events are marked with red and blue filled circles, respectively (lighter color for weak events);
neutral years with gray circles.

breaking. Farther east, however, such as in the Nifio3 region and Nifio1+2 off the coast of Peru, the warm SST
anomaly for the 2015/2016 El Nifio is far weaker than in the 1982/1983 and 1997/1998 El Nifios, regardless
whether or not the data are detrended.

The ability for the far eastern equatorial Pacific (e.g., Nifio3 and Nifio1+2) to achieve unusually large warm
anomaly underscores ENSO as a nonlinear system (see also section 4.1). Such nonlinearity renders SST skew-
ness in the far eastern equatorial Pacific to be extraordinarily positive (Figure 4a), in fact the strongest in the
tropical oceans (Figure 11a). The nonlinearity is largely attributed to the 1982/1983 and 1997/1998 events
(Figure 11b). This becomes more apparent in the Nifo3.4 versus Nifio1+2 space (Figure 11c). As the
Nifio3.4 gradually warms toward a large value (e.g., above 2 standard deviation), there is a sharp increase
in the Nifo1+2 warming, attributed to the 1982/1983 and 1997/1998 El Nifios. However, the 2015/2016 event
appears to defy this nonlinear tendency, since, while its Nifo3.4 anomaly is of similar magnitude to the
1982/1983 and 1997/1998 (above 2 standard deviation), the increase in the Nifio1+2 remains incremental
rather than abrupt. In the presence of background warming, the 2015/2016 Nifo1+2 is pushed toward the
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Figure 11. (a) Skewness of DJF average SST at each grid point. (b) The difference in skewness of SST for all years and with
the 1982/1983 and 1997/1998 values removed, thus revealing the contribution of the 1982/1983 and 1997/1998 events to
the skewness. (c) Nifo1+2 against Nifi03.4 averaged over DJF and detrended. (d) As in Figure 11c but for Nifio4 against
Nifo3. (e, f), As in Figures 11c and 11d, respectively, but for the raw data. Vertical and horizontal dotted lines indicate 1 and
2 standard deviation units from 0 for each of the detrended variables. Correlation coefficient between the variables is
displayed in each panel. The analysis is based on ensemble means of the four SST reanalysis products. Error bars are shown
in Figures 11c-11f as 1 standard deviation unit above and below the ensemble means.

1982/1983 and 1997/1998 level (Figure 11e). Yet while the Nifio3.4 is now larger than the 1982/1983 and
1997/1998 counterparts, the Nifo1+2 still increases in a linear fashion.

Nonlinearity is also seen in Nifio4, although this is less obvious than Niflo1+2. As the eastern equatorial Pacific
warms (Nifo3 increases to large positive values), the increase in the Nifilo4 warm anomaly is curtailed—a
nonlinear behavior again attributed to the 1982/1983 and 1997/1998 El Nifio events (Figure 11d). The occur-
rence of the 2015/2016 El Nifio, however, apparently undermines this nonlinear tendency as the amplitude of
the Niflo4 anomaly almost linearly tracks its large Nifo3 anomaly, as well as in the presence of background
warming (Figure 11f). Thus, the 2015/2016 El Nifio displays somewhat a peculiar characteristic which will be
put in perspective further below.
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While the 1982/1983 and 1997/1998 El Nifio events signify ENSO nonlinearity, strong La Nifia events also play
some role. Particularly, in contrast to the El Nifio case, the Nifio1+2 cold anomalies remain small as the
Nifo03.4 cold anomalies amplify further. On the other hand, the Niflo4 cold anomalies almost linearly increase
with the Nifo3, unlike the more muted change during the 1982/1983 and 1997/1998 El Nifio. Nonetheless, it
is important to stress that there is still a strong degree of linearity in these relationships, as underscored by
the high linear correlation coefficients (Figures 11c-11f). That is, despite the spatial irregularity, SSTs increase
and decrease throughout central to eastern equatorial Pacific during El Nifio and La Nifa, respectively. It is the
ENSO extremes that bring out the spatial irregularity.

The difference between Nifio1+2 and Nifio4 (each index in the form of anomaly and normalized), referred to
as the “Trans-Nifio index” (TNI) (Trenberth & Stepaniak, 2001), is an indication of the tendency for an ENSO
event to peak in the eastern equatorial Pacific or in central Pacific. Trenberth & Stepaniak (2001) postulated
that more than one index, other than the Nifo3.4, is required to characterize ENSO. The use of TNI and
Nifo3.4 or Nifio3 is instructive as they are approximately orthogonal to each other (Figure 12¢), that is, the
correlation is not statistically significant at zero lag (r < 0.2 for Nifi03.4 and r < 0.1 for Nifio3). This near ortho-
gonality implies that the Nifio3 and the TNI can be used to approximately represent the first and second lead-
ing modes of EOF decomposition of the tropical Pacific SSTs (10°S-10°N, 120°E-70°W), which, on the other
hand, are perfectly orthogonal by construction. Their corresponding correlations with the principal compo-
nents (PC) are near unity (r > 0.95).

The spatial patterns associated with the Nifio3 and TNI (or analogously PC1 and PC2) are shown in
Figures 12a and 12b. Since more positive TNl means warmer Nifio1+2 relative to Nifio4, an eastward ampli-
fication pattern associated with that of the 1982/1983 and 1997/1998 events can be obtained by superim-
posing the positive Nifio3 and TNI patterns (Figures 12a and 12b). To obtain a pattern associated with typical
El Nifo events with core warming toward central Pacific, a negative TNI pattern is to be superimposed on a
positive Nifo3 pattern. Such combinations are shown in Figures 12e and 12f, represented by the “E” and “C"
patterns via

E=(PC1 4 PC2)/V2 ®)
C = (PC1 — PC2)/V/2, 3)

(Dommenget et al., 2013; Takahashi et al., 2011); that is, the E-C space (Figure 12g) is a rotation of the Nifio3-
TNI about the origin (Figure 12c). In Figure 12c, it can be seen that the 1982/1983 and 1997/1998 extreme
events have a large positive Nifio3 and TNI, thus a large E index but small and even negative C index
(Figure 12g), indicating the tendency to peak toward eastern Pacific. As the Nifio3 becomes less positive, that
is, weaker El Nifio and neutral events, the TNI tends to be negative, thus smaller E index but larger C index.
This depiction captures the central Pacific El Nifio which also includes the 2014/2015 warm event. Strong
La Nifa events also tend to peak over central Pacific, as shown by more positive TNI coinciding with more
negative Nifo3, thus large C index, but small E index (Figure 12g). These measures reveal that the
2015/2016 El Nifio, as well as the 1972/1973 event, falls in between these two regimes (Figures 12c and
129g). Interestingly, in the presence of background warming, there is a tendency for the 2015/2016 event
to appear more like an eastern Pacific event (Figure 12h). The relationships across these various SST indices
are summarized in Table 1.

The evolution of the TNI with respect to Nifio3 (Figure 13a) infers the direction of zonal phase propagation of
SST anomalies along the equator which has dynamical significance, as also emphasized by Aiken et al. (2013)
via a linear inverse model approach, and so it may further provide insight on the nature of the 2015/2016 El
Nifio and ENSO extremes. Theoretical studies (e.g., Jin & Neelin, 1993; Neelin et al., 1998) showed that the pro-
pagation direction arises from competing positive feedback processes: westward if the zonal advective and
Ekman pumping feedbacks dominate; eastward if the thermocline feedback dominates. However, this linear
theory would imply that both El Nifio and La Nifia propagate eastward and is not consistent with observa-
tions (Figure 12e; McPhaden & Zhang, 2009). In reality, it is only the 1982/1983 and 1997/1998 El Nifos that
exhibit prominent eastward propagation signature, which is linked to strongly nonlinear processes (Kim et al.,
2015; Lengaigne & Vecchi, 2010; Santoso et al.,, 2013).

A switch from positive (negative) to negative (positive) TNI over a warm (cold) Nifo3 indicates a westward
propagation, as this indicates that the warm (cold) anomaly first strengthens in the far eastern Pacific and
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Figure 12. (a, b) Grid point SST regressed onto detrended Nifio3 and the Trans-Nifo index (TNI), respectively, representing the first and second EOF modes. The EOF
modes account for about 90% of the total variance in the domain (10°S-10°N, 120°E-70°W). The analysis is based on DJF, the typical ENSO peak season. (c, d) TNI
against Nifo3 for the detrended and raw data, respectively. Vertical and horizontal dotted lines indicate 1 and 2 standard deviation units from 0 for each of the
detrended variables. In Figure 12¢, the E index and C index axes (gray) approximately represent a rotation of the Nifo3-TNI axes about the origin, and each value of E
and Cindices is a linear combination of Nifio3 and TNI. (e, f) Grid point SST regressed onto the E index and C index, respectively. (g, h) As in Figures 12c and 12d but for
the C index against E index. Central Pacific El Nifio events defined using the detrended data are indicated with “plus” marker. The analysis is based on four SST
reanalysis products with ensemble mean shown. Error bars are shown as 1 standard deviation unit above and below the ensemble means.
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Table 1 then peaks over central Pacific. Such relationship between Nifio3 and TNI
Correlations Between Various SST Indices (See Section 4.2.1 for Details) is prevalent prior to the 1970s and after the 1990s (Figure 13b), with a

EOF1 EOF2 E mode C mode Skewness switch to the opposite relationship in between these periods indicating
Nifiod 0.91 _0.41 036 0.93 _043 the prominence of eastward propagation, which is mostly attributed to
Nifo3.4 0.99 007 0.65 0.75 0.37 the 1982/1983 and 1997/1998 events (Figure 13e). These switches in pro-
Nifio3 0.98 0.16 0.81 0.58 0.94 pagation direction appear to be in phase with the IPO, with the most
Nifio1+2 0.83 0.48 0.93 0.25 2.18 recent period corresponding to the negative phase of the IPO. This linkage
U =0 LD L = 2 supports earlier studies (e.g., An & Jin, 2000; Fedorov & Philander, 2000;
Skewness 0.39 0.99 2.17 —0.40

Note. Correlation values greater than 0.4 are significant well above the
95% confidence level and shown in bold. The analysis is conducted using
ensemble mean time series across the four SST reanalysis products.

Wang & An, 2002) which suggested a link between ENSO dynamics and
changes in the background climate consistent with the IPO phases.

Plotting the month-to-month changes in TNI (dTNI/dt) averaged from May
to the following April against the DJF average Nifio3 (Figure 13c) reveals a
change toward a more positive TNI (warmer in the east than west) with stronger El Nifio and La Nifia events.
For El Nifio (positive Nifio3), a positive dTNI/dt indicates a tendency for an eastward propagation. For La Nifa
(negative Nifio3), a positive dTNI/dt indicates a tendency for a westward propagation. This contrasting ten-
dency between El Niflo and La Nifa is illustrated in Figure 13d in terms of the time-longitude gradient of
the SST anomalies (Figure 13e), also referred to as the “zonal phase-transition slope” (Santoso et al., 2013).
The zonal phase-transition slope is essentially a measure for the speed of SST anomaly peak propagating
in the east-west direction. This analysis shows that 2015/2016 El Nifio does not exhibit a clear zonal phase
propagation, in contrast to the 1982/1983 and 1997/1998 events. As shown in Figure 13d, with the exception
of the 1982/1983 and 1997/1998 El Nifio events, most ENSO events are either westward propagating (nearly
all La Nifia and weak El Nifio events) or non-propagating (e.g., 2015/2016 and 1972/1973 El Nifios). Sustained
eastward reversal of the equatorial Pacific surface currents over the latter half of the year is a key factor in
giving rise to the prominent eastward propagation characteristic of the 1982/1983 and 1997/1998 events
(Santoso et al., 2013). The total currents are westward during other events and particularly strongly westward
during La Nifa events. Ocean Surface Current Analysis Real-time (OSCAR) data available from 1992 (Figure 14)
do not show a clear eastward surface current reversal in 2015, thus is consistent with its lack of an eastward
propagation characteristic.

4.2.2. Rainfall

A pertinent indicator for El Nifio extremity is rainfall over the eastern equatorial Pacific, as the warm SST
anomalies tend to induce atmospheric convection and thus heavy precipitation over this climatologically
cold and dry region (Cai, Santoso, et al., 2014; Chung et al., 2014; Lengaigne & Vecchi, 2010; Power et al.,
2013). Rainfall anomaly at the height of the 1982/1983 and 1997/1998 El Nifio events expands into the
Nifo3 and Nifo1+2 regions (Figure 15a) where their SST anomalies peak (section 4.2.1). Such intrusion is less
apparent in the 2015/2016 El Nifio (Figure 15b) and completely absent in moderate events (Figure 15c),
which, on the other hand, exhibit notably weaker far-eastern Pacific warming. The along-equator profile of
rainfall anomaly clearly shows that unlike the 1982/1983 and 1997/1998 El Nifios whose rainfall anomaly
peaks eastward, all other events including the 2015/2016 El Nifio, and especially strong La Nifa events, tend
to peak towards central western Pacific (Figure 15d). These inter-event differences illustrate the link between
rainfall and the underlying SST anomaly pattern, through shifts in convective zones. This linkage is depicted
in Table 2, showing high statistically significant correlations between various SST and rainfall indices and, in
particular, strongest response to SSTs just to the east. For instance, Nifio4 rainfall is most correlated with
Nifo3.4 SSTs; Nifo3.4 rainfall with Nifo3 SSTs; and Nifio3 rainfall with Nifo1+2 SSTs (Figures 15e-15g).
One notable feature is that the nonlinearity in the rainfall is considerably stronger than that of SST, highlight-
ing the nonlinear nature of atmospheric convection. The skewness for rainfall is highly positive toward the
east (Table 3), much greater than the positive skewness of the SST anomaly (Table 1).

The ENSO rainfall response can be further understood through EOF decomposition. For this purpose, the EOF
analysis is applied to detrended DJF average rainfall anomalies over central to eastern tropical Pacific (30°S—
30°N, 160°E-80°W), capturing the SPCZ and ITCZ. The leading mode depicts anomalously high rainfall along
the southern and northern flank of the climatological ITCZ and SPCZ, respectively, peaking in the central
Pacific (Nifio4), and anomalously low rainfall extending from the Maritime Continent to the south of the cli-
matological SPCZ (Figure 16a). Such anomalous pattern is to be expected in a typical El Nifio, acting to shift
the convective zones eastward and equatorward, and the reverse occurs in a La Nifia. As such, the principal
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Figure 13. (a) Time series of Nifo3 and TNI which have been detrended and low-pass filtered to remove signals with
period shorter than 18 months. The filtering is to bring out the zonal propagation feature which is an interannual signal
and is also applied in the analysis in the other panels. (b) Lead-lag correlation between Nifio3 and TNI over 16 year
sliding window as an indicator of zonal propagation direction. X ticks mark January of the indicated year as the start of
the sliding window. Positive (negative) time lags in month indicate Nifo3 leading (lagging) TNI. As such, positive and
negative correlations at negative and positive time lags, respectively, indicate eastward propagating SST anomalies
(e.g., in the post-1970 period). (c) Average of the month-to-month change in TNI from May to the following year April
(dTNI/dt) against the DJF average Nifo3. (d) The phase transition slopes against dTNI/dt. Positive (negative) slope
indicates eastward (westward) propagation. The correlation coefficients between the two variables for only El Nifio
events and only La Nina events are displayed. (e) Hovmoller diagram of equatorial Pacific SST anomalies (5°S-5°N) from
January 1950 to May 2017. The analysis in all panels is conducted for each of the four SST reanalysis products and
shown as the ensemble mean with error bars shown as 1 standard deviation unit above and below ensemble mean. In
Figure 13e, any statistically nonsignificant anomalies across the four products have been set to zero. The phase tran-
sition slope in Figure 13d corresponds to the time-longitude slope of the peak SST anomaly in Figure 13e for the ENSO
years, calculated for each reanalysis product.

component time series is strongly correlated with the central to eastern Pacific SST indices, especially the
Nifio3.4 index (r = 0.95; Table 2). Simply, the EOF1-related rainfall anomalies tend to amplify with stronger
ENSO events. The second EOF (Figure 16b), on the other hand, is not associated with central to eastern
SSTs anomalies, but with the far eastern SSTs in Nifo1+2 (r = 0.57). The correlation is even stronger with
the TNI (r = 0.87), as opposed to EOF1, which is not at all correlated with the TNI. Thus, the link between
EOF1 and EOF2 rainfall (Figure 16¢) is very similar to the nonlinear relationship between Nifio3 and the TNI
(Figure 12¢), indicating the tight link between SST pattern and rainfall.

The EOF2 rainfall pattern depicts an eastward shift of the EOF1; the positive anomaly now occupies the
entire eastern equatorial Pacific regions, including the Nifo1+2 region. Thus, superimposing positive
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Figure 14. Ocean surface zonal current velocity over central-eastern equatorial Pacific (5°S-5°N, 160°E-90°W) from 1993 to
2015 based on Ocean Surface Currents Analysis Real-time (OSCAR) observations (Bonjean & Lagerloef, 2002). (a) Monthly
evolution during the developing year of the various events. Dashed green line marks 2014 values. Light-colored lines
indicate weaker events with gray for neutral events. (b) Time series of August-to-December average surface current velocity.

EOF2 pattern onto positive EOF1 would result in an even stronger eastward and equatorward shift of the
ITCZ and the SPCZ. Among the El Nifio events, there are only four that exhibit both positive EOF1 and
EOF2: 1982/1983, 1997/1998, 1991/1992, and the recent 2015/2016 El Nifio. An event with both
positive EOF1 and EOF2 not only tends to correspond with large eastern equatorial Pacific rainfall but
also coincides with an extreme phenomenon referred to as the “zonal SPCZ” wherein the usually
southward oriented convective zone assumes a zonal position toward the equator (Cai et al, 2012). A
particularly extreme zonal SPCZ, marked by extraordinarily positive EOF2 (well above 2 standard
deviation), occurred during the 1982/1983 and 1997/1998 El Nifio events in which the SPCZ appears
much less defined than that seen during weak El Nifio events (Figures 15a and 15c). The 2015/2016 El
Nifio is marked by a weak positive EOF2 (below 1 standard deviation; Figure 16c) but a particularly
large EOF1 (above 2 standard deviation) even exceeding the 1982/1983 and 1997/1998 level, thus
indicating that the 2015/2016 El Nifio also exhibits a zonal SPCZ (Figure 15b). For La Nifia and weaker
El Nifio events, the EOF1 and EOF2 combination is such that the anomalous rainfall (dry anomaly for
La Nifa; wet for El Nifio) tends to peak toward the western Pacific. This is especially so for strong La
Nifa events which would also see stronger poleward migration of the SPCZ and ITCZ.

The nature of this interplay can also be examined from the perspective of “E” and “C” mode as done for the
SST patterns (Figure 12), revealing more eastward shifted rainfall pattern for the E mode than the C mode
(Figures 16d and 16e). The event scatter in the E-C space paints a consistent picture as the SST counterpart
in that the 1982/1983 and 1997/1998 El Nifio events are of the same type (a strongly eastern Pacific El
Nifio), and the 2015/2016 El Nifio is of a mixed EP and CP type of event. It also becomes clear from this per-
spective that a zonal SPCZ event tends to require substantial warming of the eastern equatorial Pacific: the
Central Pacific events (marked with “plus” in Figures 16c and 16f) corresponding with small E index in the SST
(Figure 12g), shows notably weaker E index than C index in rainfall, and thus are not exhibiting a zonal SPCZ
characteristic. This is in agreement to the conclusion of Borlace et al. (2014) who used perturbed physics
ensemble experiments to show that zonal SPCZ events tend to not occur with purely CP El Nifio. The
2015/2016 zonal SPCZ event coinciding with an EP-CP mixed El Nifio reaffirms this argument. It is also clear
from this analysis that, opposite to extreme El Nifio, extreme La Nifia tends to exhibit suppressed rainfall
peaking toward the Maritime Continent, thus corroborating the fact that extreme La Nifia events are in fact
CP events.

Thus, there is an inherent nonlinearity in the equatorial Pacific climate system that produces rainfall asymme-
try (e.g., Chung et al., 2014; Chung & Power, 2014; Hoerling et al., 2001), manifesting in E mode rainfall that
reveals a high positive skewness and C mode with a small skewness (Table 3). This largely stems from
EOF2-related process, marked by a positive skewness that is almost 4 times larger than the skewness of EOF1
(Table 3). This also translates to high positive skewness seen in the total equatorial rainfall (Table 3). EOF2 is a
nonlinear process related to the east-west SST contrast as described by the TNI (r = 0.87 between EOF2 rainfall
and TNI; Table 2) which underpins ENSO extremes (section 4.2.1), involving dramatic shifts in
convective zones.
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Figure 15. DJF rainfall anomalies (color shading) for (a) the average of 1982/1983 and 1997/1998 El Nifo, (b) 2015/2016 El Nifio, and (c) the average of weak El Nifio
events. The corresponding total rainfall contours are shown in gray (5 mm/d interval). (d) Equatorial profile of detrended DJF average rainfall anomalies (5°S-5°N).
(e-g) Relationship between SST and rainfall anomalies over the specified regions. Dotted lines in Figures 15e-15g are 1 and 2 standard deviation units from the
mean. Central Pacific El Nifio events are indicated with “plus” marker. The analysis is based on three rainfall reanalysis products with ensemble means shown. Error
bars are shown in Figures 15e-15g, corresponding to 1 standard deviation unit above and below the ensemble means.

Table 2
December-February Average Rainfall Versus December-February Average SST Indices

Nifio4 Nifo3.4 Nifio3 Nifio1+2 TNI E mode C mode
Nino4 rainfall 0.89 0.91 0.82 0.57 —0.26 0.43 0.75
Nifo3.4 rainfall 0.57 0.84 0.91 0.90 0.38 0.88 0.24
Nifio3 rainfall 0.38 0.68 0.81 0.92 0.59 0.92 0.01
Nifo1+2 rainfall 0.01 0.30 0.47 0.75 0.77 0.76 —0.31
EOF1 rainfall 0.88 0.95 0.90 0.70 —0.12 0.57 0.69
EOF2 rainfall —0.29 0.06 0.27 0.57 0.87 0.71 —0.60
E Mode rainfall 0.41 0.72 0.83 0.90 0.53 0.90 0.06
C Mode rainfall 0.83 0.63 0.45 0.10 —0.70 —0.10 0.91

Note. All correlations are based on detrended data, with values greater than 0.4 significant well above the 95% confidence level and shown in bold. The correla-
tions are computed using ensemble mean of the three rainfall products and four SST products.
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Table 3
Correlations Between Rainfall Averaged Over the Specific Regions and the Rainfall Orthogonal Modes (See Section 4.2.2)
EOF1 rainfall EOF2 rainfall E mode rainfall C mode rainfall Skewness

Nino4 rainfall 0.97 -0.19 0.55 0.82 0.66
Nino3.4 rainfall 0.83 0.53 0.96 0.22 222
Nifio3 rainfall 0.64 0.72 0.96 —0.06 3.37
Nifio1+2 rainfall 0.25 0.78 0.73 —0.37 4.03
Skewness 0.61 1.68 2.67 —0.01

Note. To provide an indication of nonlinearity in rainfall, the corresponding skewness is presented. The analysis is con-
ducted using ensemble mean of the three rainfall products.

The 2015/2016 El Nifio involves weaker shifts in ITCZ and SPCZ, as indicated by considerably weaker EOF2
(Figure 16¢) and TNI (Figure 12c), than the 1982/1983 and 1997/1998 counterparts. As such, it is expected that
rainfall in the eastern equatorial Pacific would be lower than in 1982/1983 and 1997/1998 El Nifios. While this
is true for the Nifio3 rainfall (Figure 15g), the 2015/2016 Nifo3.4 rainfall is of comparable intensity as the
1982/1983 and 1997/1998 events. This is related to the record high Nifio4 rainfall (Figure 15e), apparently
due to the fact that the 2015/2016 El Nifio is also a central Pacific event with a record-breaking Nifio4
warming (Figure 10). Nonetheless, based on the total rainfall metrics alone (Figures 15e-15g), the
2015/2016 El Nifo appears like an extraordinary El Nifo.

Cai, Borlace, et al. (2014) used an arbitrarily selected threshold of 5 mm/d in Nifio3 total rainfall to characterize
extreme El Nifio. With an ensemble mean of 4.6 mm/d, the 2015/2016 Nifio3 rainfall is just shy of that thresh-
old. Considering observational uncertainties (e.g., 4.3 mm/d for CMAP, 5.1 mm/d for GPCP), the 2015/2016
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Figure 16. The (a) first and (b) second leading mode of rainfall variability, presented as regression of the standardized EOF
principal time series onto grid point DJF average rainfall (1979-2016). The EOF decomposition is applied on detrended
rainfall over 30°S-30°N, 160°E-80°W. (c) Scatterplot for the corresponding first and second principal components (PC1 and
PC2). (d-f) The same as Figures 16a—16c but for the £ and C modes. Gray contours on the spatial maps denote the long-term
mean rainfall shown on 5 mm/d interval. Dashed lines in Figures 16¢ and 16f are 1 and 2 standard deviation units from
the mean (horizontal and vertical lines). Central Pacific El Nifio events are indicated with '+ marker. The analysis is based on
three rainfall products with ensemble means presented. Error bars in Figures 16c and 16f correspond to 1 standard
deviation unit above and below the mean.
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Figure 17. (a) Patterns of the first (color shading) and second (contours) leading modes of heat content (HC) variability pre-
sented as regression of the upper 300 m ocean temperature (T300) onto HCg.\y and HCsy, respectively. HCg.y is the dif-
ference in T300 between the east (5°S-5°N, 155°W-80°W) and western (5°S-5°N, 120°E-155°W) regions. HCg is T300
averaged over 10°5-3°N, 140°E-130°W. These respective indices are representative of the first (42.6%) and second (15.1%)
principal component time series in an EOF analysis of T300 over 20°5-20°N, 120°E-80°W. (b) As in Figure 17a but for zonal
wind velocity, with ZWy4 and ZWD indices representing the first (25.6%) and second (11.8%) EOF, respectively. ZWyy4 is
zonal wind velocity averaged over the Nifio4 region. ZWD is the difference in zonal wind velocity between southern core
(10°5-2°S, 180°-130°W) and northern core (2°N-10°N, 120°E-170°E) regions. (c) HCsy averaged over the following January-
April against DJF average HCg.yy. (d) March-October average EHC (T300 over 5°S-5°N, 120°E-80°W) against DJF Nif03.4.
(e) ZWD averaged over the following year January-April against ZWy4 over October-December. (f) Change in ZWD from
June-September to the following January-April (AZWD) against DJF Nifo3.4. (g) Change in EHC from August-November to
the following January-April (AEHC) against AZWD. (h) The change in HCsy from August-November to the following
January-April (AHCsy) against AZWD. All data are detrended according to the common period between the variables in
each panel. Dashed lines in Figures 17c-17h are 1 and 2 standard deviation units from the mean computed using the
detrended indices.

Nifo3 rainfall is about the 5 mm/d extreme El Nifio threshold. The 2015/2016 event is clearly larger than all
events other than the 1982/1983 and 1997/1998 El Nifios. Prior to 2015, even reducing this threshold to
4 mm/d would still have excluded events other than the 1982/1983 and 1997/1998 events. Thus, the
2015/2016 El Nifio should be regarded as an extreme El Nifio based on the Nifio3 rainfall metric alone.
4.2.3. Upper Ocean Heat Content and Zonal Wind Evolution

Underpinning ENSO is changes in upper ocean heat content and winds across the equatorial Pacific as a con-
sequence of the Bjerknes coupled air-sea feedback. The westward blowing Trade Winds deepen the oceanic
thermocline toward the Maritime Continent and forces Ekman upwelling and equatorward Sverdrup trans-
port. A series of eastward propagating Kelvin waves act to distribute the accumulated heat across the equa-
torial Pacific in a state of “recharge,” leading to a deepened thermocline in the east and an increase in SSTs.
The increased SSTs then reinforce westerly wind anomalies which further deepen the thermocline, again
increasing the SST and so forth in a positive feedback loop leading to the emergence of an El Nifio. At the
peak of El Nifio, the westerly wind anomaly elevates thermocline in the west and through upwelling Kelvin
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Figure 18. Temporal evolution of heat content (T300) anomalies for each event from January of the current year to
December of the following year. (a) East (5°S-5°N, 155°W-80°W) minus west (5°S-5°N, 120°E-155°W) equatorial heat con-
tent (HCg.w). (b) Southern Hemisphere focused (10°S-3°N, 140°E-130°W) heat content anomaly (HCsy). (c) Equatorial
heat content (EHC, or “warm water volume”; 5°S-5°N, 120°E-80°W). (d) Eastern equatorial Pacific heat content (5°S-5°N,
155°W-80°W). (e) Western equatorial Pacific heat content (5°S-5°N, 120°E-155°W). Insets show the corresponding monthly
standard deviation with (solid line) and without (dash-dotted line) the years enveloping the 1982/1983 and 1997/1998

El Nifio events (i.e., excluding January 1982 to December 1983 and January 1997 to December 1998).

waves and subsurface poleward Sverdrup transport, this leads to an equatorial state of “discharge,” which is
conducive for a La Nifa to occur. This suite of processes occurs in a quasi-oscillatory manner and is the basis
for the ENSO recharge oscillator theory (Jin, 1997) that underpins ENSO predictability.

The coupled dynamics described above can be disentangled using EOF decomposition (Figure 17). EOF ana-
lysis conducted on detrended monthly average of top 300 m ocean temperature (T300), as a proxy for upper
ocean heat content (HC), within the tropical Pacific (20°S-20°N, 120°E-80°W) reveals two dominant modes.
EOF1, often referred to as the “tilt mode,” depicts a flattening of the equatorial Pacific thermocline during
an El Nifo (the converse in a La Nifa; color shading in Figure 17a), peaking in boreal winter (Figure 18a, inset)
just like the ENSO SSTs. The temporal evolution is overall captured by the time series of east-minus-west HC
anomaly (HCg.y), underscored by a high correlation of 0.95 between HCg.\y and the principal component
time series and is highly correlated with Nifo3.4 SST (r = 0.90; Figure 19).

EOF2, known as the “recharge mode,” depicts anomalously high HC across the equatorial Pacific, with a sec-
ondary anomaly peak in the vicinity of the SPCZ (Figure 17a, contours). It is found that EOF2 can be best
represented by a Southern Hemisphere-skewed HC index (HCsy), which is an average over 10°5-3°N,
140°E-130°W encompassing the two core regions (PC2 and HCsy are highly correlated with r = 0.98). PC2
is less strongly correlated (r = 0.71) with the more commonly used equatorial heat content metric (an average
over 5°5-5°N, 120°E-80°W; referred hereafter as EHC). EHC is closely related to the volume of water above
20°C isotherm within that region, widely known as “warm water volume” (WWV) (Meinen & McPhaden, 2000).
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Table 4

Skewness and Trends of the Various Heat Content and Zonal Wind Variables

(See Section 4.2.3 and Figure 17)
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Figure 19. Lead-lag correlations between various processes illustrating the essence of the recharge oscillator theory.
Positive (negative) months indicate the variable in the panel title leading (lagging) the other variables. (top left) East-
minus-west equatorial heat content (HCg_\y) versus Southern Hemisphere focused (10°5-3°N, 140°E-130°W) heat content
anomaly (HCsy) and equatorial heat content (EHC, or “warm water volume”; 5°5-5°N, 120°E-80°W). (top right) Nifo3.4
index versus the variables in Figure 19 (top left). (middle left) Zonal wind velocity averaged over the Nifio4 region (ZWy4)
versus the difference in zonal wind velocity between southern core (10°S-°S, 180°-130°W) and northern core (2°N-10°N,
120°E-170°E) regions (ZWD). (middle right) Nifi03.4 index versus the variables in Figure 19 (middle left). (bottom left) ZWy4
versus the variables in Figure 19 (top left). (bottom right), ZWD versus the variables in Figure 19 (top left). Peak correlation
coefficients are labeled with the corresponding time lag (month) in bracket. All data are detrended prior to correlation.

Nonetheless, both HCsy and EHC depict a recharge state three seasons prior to the peak of most El Nifio
before switching to a discharge in the following year (Figure 19). For La Nifa though the switch to a
recharge state is not as apparent. In fact, the three extreme La Nifa events either lead to no recharge
(1988/1989, 1999/2000) or to an ensuing discharge (1998/1999). The discharge following the 1982/1983
and 1997/1998 El Nifio events is more prominent relative to other events
in HCsy than EHC, contributing to a high negative skewness in HC,
especially HCsy (Table 4). Excluding the 1982/1983 and 1997/1998

events reduces the HCsy skewness by 60%. Lag-correlation analysis

Skewness Trend (1950-2015) Trend (1980-2015)  (Figure 19) shows that EHC is a more accurate predictor for Nifio3.4 than
HCe.w 1.09 N/A —0.23°C/decade HCgsy. While HCgy is less accurate, it provides a longer lead time and is
HCsH —0.96 N/A 0.02°C/decade better correlated with Nifno3.4 after the peak of ENSO.
EHC —0.77 N/A 0.08°C/decade . . .
AEHC 082 N/A —0.02°C/decade For zonal winds (ZW), EOF1 (Figure 17) can be simply represented by zonal
AHCsh —0.97 N/A —0.02°C/decade wind anomalies in the Nifio4 region (ZWyy; r = 0.97). ZWy4 describes the
ZWna 0.58 0.07 m/s/decade —0.38 m/s/decade  typical ENSO wind anomalies, peaking in boreal winter (Figure 20), though
ZuD [ 0.11 m/s/decade —059m/s/decade  the peak season apparently shifts to boreal fall in the 1982/1983,
AZWD 1.07 —0.12 m/s/decade —0.71 m/s/decade

1997/1998, and 2015/2016 El Nifio events. EOF2, on the other hand,
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Figure 20. (a) The 24 month evolution of Nifio4 zonal wind anomaly (ZWy4). The inset shows standard deviation of year-to-year Nifio4 wind anomaly as a function of
month (solid line), and without the 24 month evolution of the 1982/1983 and 1997/1998 El Nifo events (dashed line). (b) As in Figure 20a but for the zonal wind
difference (ZWD) index. The ZWD index is defined as 7 in southern box (10°5-2°S, 180°~130°W) minus * in northern box (2°N-10°N, 120°E-170°E). Insets show
the corresponding monthly standard deviation with (solid line) and without (dash-dotted line) the years enveloping the 1982/1983 and 1997/1998 El Nifio events
(i.e., excluding January 1982 to December 1983, and January 1997 to December 1998).

depicts a dipole anomaly pattern alternating in sign between the south central Pacific (10°5-2°S, 180°-
130°W) and the northwestern Pacific near the Philippines (2°N-10°N, 120°E-170°E). It can be effectively repre-
sented as the difference of zonal winds between the southern and northern core regions, referred to here-
after as ZWD (r = 0.91). ZWD switches from negative during El Nifio development phase to positive
following the peak of El Nifio (the converse for La Nifia). Superimposing the ZWD anomaly pattern onto that
of ZWy4 (Figure 17b) results in a northward shifted pattern of ZWy, during El Niflo development and a south-
ward shift following El Nifio peak (Harrison, 1987; McGregor et al., 2012). The ZWD process is a nonlinear pro-
cess, with a high positive skewness, associated with the 1982/1983 and 1997/1998 extreme El Nifios.

The interactions between the heat content and zonal wind variables and with Nifio3.4 SST are summarized
in the lag-correlation analysis shown in Figure 19, verifying the linear recharge oscillator theory described
earlier in this section. As noted above, these variables do however exhibit a certain degree of nonlinearity
as indicated by a nonzero skewness (Table 4). While the root of the nonlinearity is extreme ENSO events
(Figures 17c-17h), in some of the variables, however, the separation between extreme ENSO and moderate
events is not clear. For instance, the discharge of heat content following the peak of El Nifio events (HCsy
averaged over the following January-April) is exceptionally strong in the 1982/1983 and 1997/1998 events
(Figure 17c). The 2015 event discharge is weaker than the 1982/1983 and 1997/1998 events but is stronger
than other El Nifio events since 1980. However, in terms of the east-west heat content difference (HCg.y) in
the typical ENSO peak season (DJF), the 2015/2016 event comes second after the 1997 (above 2 standard
deviation), whereas the 1982 extreme El Nifio is weaker than the 1991 event, which is not even considered
as an extreme El Nifio according to the SST and rainfall properties. Note that the EHC does not show the
1982/1983 event to exhibit an unusually strong discharge (Figure 18c). In terms of recharge/discharge lead-
ing up to El Niflo/La Nifa peak (EHC averaged over March-October; Figure 17d), there is only a weak distinc-
tion in extreme El Nifio and extreme La Nifla from moderate events. Again, the 1982/1983 event appears
weaker than 2015/2016 and 1997/1998 events. However, it should be noted that the 1982/1983 event
occurred in pre-TOGA observing period which started in mid-1980s (section 3), so observational uncertainty
needs to be borne in mind. Nonetheless, the negative skewness of EHC (Table 4) is contributed by the devel-
opment of the 1998/1999 extreme La Nifia event following a strong discharge induced by the 1997/1998
extreme El Nifio. It is worth noting also that the level of the EHC leading up to the 2016/2017 marginally
weak La Nifa is comparable to that of strong La Nifia events (Figure 17d), thus highlighting the discharge
effect of the 2015/2016 El Nifio.

For zonal wind anomalies, a clear distinction is seen in the southward wind shift following the peak of
1982/1983 and 1997/1998 El Nifio (ZWD averaged over the following year January-April; Figure 17e). The
notably large separation from other events is unlikely to be within observational uncertainty. On the other
hand, the 2015/2016 event is comparable to the 1972/1973 and moderate El Nifio events. The 1982/1983
and 1997/1998 events are also categorically distinct in terms of the intensity of the westerly wind
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anomaly (Nifo4 averaged over October-December). Zonal wind anomalies are not distinctive across cold
events, and only the strong 2010/2011 La Nifia emerges as a slight outlier.

The extent of the wind movement, that is, the shift from the northernmost to southernmost position
from ENSO growth to decay seasons (change in ZWD from June-September to the following year
January-April) is closely related to the magnitude of the ENSO SST anomalies (Figure 17f). More intense
Nifo3.4 SSTs correspond with larger wind shift which in turn leads to larger extent of recharge-
discharge either side of the ENSO peak (change in EHC or HCsy from August-November to the follow-
ing year January-April; Figures 17g and 17h). The 1982/1983 and 1997/1998 El Nifio events emerge as
the strongest in the southward wind shift and heat content discharge measured using HCsy. The
2015/2016 El Nifio event is more comparable to other strong events and only appears extreme in terms
of southward wind shift post 1980, as well as EHC discharge (Figure 17g). However, when the raw data
are examined (not shown), the southward wind shift does not appear as strong in the 2015/2016 event,
but the recharge and discharge become more comparable with the 1982/1983 and 1997/1998 events.
This discrepancy is due to a long-term trend toward northward wind shift in the post-1980 (negative
ZWD) and a trend toward a high equatorial heat content (Table 4), consistent with the enhanced
Trade Wind trend (negative ZWy,) associated with the ensuing negative phase of the IPO (L'Heureux
et al, 2013).

4.2.4. Stochastic Wind Surges

Daily occurrences of westerly winds exist over the western half of the equatorial Pacific (Figure 21), in the
backdrop of predominantly easterly winds across the equatorial Pacific. Partly associated with synoptic-scale
phenomena, such as tropical cyclones and the Madden-Julian oscillation (Puy et al., 2016), heightened occur-
rences of westerly wind bursts (WWB) are seen during El Nifio years (e.g., Chen et al., 2015). They facilitate
warming in the central eastern equatorial Pacific by driving surface convergence and subsequent downwel-
ling Kelvin waves that deepen the thermocline in the east (Lengaigne et al., 2004). While WWB can be viewed
as a source of stochastic forcing for ENSO, recent research has led to a realization that WWB occurrences are
not entirely random, but there is a certain degree of dependency upon the prevailing climatic state (e.g.,
Eisenman et al., 2005; Gebbie et al., 2007). This carries an implication in that there is a tighter association
between WWB activities and El Nifio intensity. For instance, WWB was unusually active during the extreme
El Nifio development in1997 (McPhaden, 1999). There are likely some factors that can enhance WWB activ-
ities, such as cold southerly wind surges during boreal summer and autumn which also tend to be more
intense during extreme El Nifios (Hong et al., 2014). Thus, it is also of interest to view ENSO extremes and
the 2015/2016 El Nifio from the perspective of these zonal and meridional wind surges.

Previous studies have diagnosed WWBs by imposing thresholds on magnitude, duration, and zonal extent of
the wind fetch at different regions (e.g., see Table 1 of Puy et al.,, 2016), often resulting in different numbers
of individual WWB diagnosed across studies. Here we diagnose WWB activities by taking the spatial average
of surface zonal wind velocities over equatorial Western Pacific (WP; 5°5-5°N, 130°E-180°), that is, spanning
the WWB active “W” and “C" regions of Harrison and Vecchi (1997). Approaching the peak of El Nifio events
at the end of the year, WP westerly winds progressively extend to the central Pacific (CP; 155°E-150°W;
Figures 21d and 21f), spanning the “C" and “E” regions of Harrison and Vecchi (1997). This index is consider-
ably easier to compute than that of Puy et al. (2016), while providing a broad indication of heightened or
reduced level of WWB activities. There is a clear tendency for more days in WP winds blowing eastward
during stronger El Nifio events (Figure 21f), than in neutral years or central Pacific El Nifio, and even in boreal
summer when the climatological easterly winds are strongest. Relative to seasonal cycle, the wind reversal
corresponds to velocity anomalies in excess of 2 m s~ (Figure 21g). Over CP, eastward blowing winds are
limited, as the climatology is predominantly easterly (Figure 21h). In this region, westerly winds occur in
boreal fall during stronger El Nifio events, requiring much larger anomaly in excess of 4 m s~" than in WP,
to reverse the climatologically stronger CP easterly winds (Figure 21i).

The WWBs are determined based on the number of days the WP and CP zonal winds exceeding 0.5 m s~ and
0m s, respectively. Using higher thresholds tend to further isolate the strongest El Nifio events (Figure 22).
We focus on boreal summer (JJA) for WP winds and fall (SON) for CP winds, in particular, since during these
seasons cold southerly wind surges also contribute to WWBs (Hong et al., 2014). Easterly wind bursts (EWB)
are also examined, which are, on the other hand, associated with La Nifia development (Chiodi & Harrison,
2015). In this case, we simply take the counterparts of the WP and CP winds with the corresponding threshold
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Figure 21. Daily occurrences of westerly and easterly wind bursts along the equatorial Pacific Ocean. Daily surface
zonal wind velocity averaged over 5°S-5°N averaged across (a) extreme La Nifa years (1973/1974, 1988/1989, and
1998/1999), (b) all strong La Nifa, (c) all years, (d) all strong El Nifio, (e) extreme El Nifio (1972/1973, 1982/1983, 1997/
1998, and 2015/2016). (f) Daily surface zonal wind velocity averaged over the western equatorial Pacific (5°S-5°N,
130°E-180°) at 1 standard deviation above the mean for extreme El Nifio years (dark red), all strong El Nifio (red),
Central Pacific/Modoki El Nifo (magenta), and below the mean for extreme La Nifa years (dark blue) and strong

La Nifa (blue). Gray-shaded region corresponds to 1 standard deviation above and below the mean for neutral years.
The climatological average is indicated by the black line. (g) As in Figure 21f but in the form of anomaly. (h, i) As in
Figures 21f and 21g, respectively, but for central Pacific (5°S-5°N, 155°E-150°W). The zonal extents for the regions are
shown in Figures 21a-21e.

of —2ms~"and —4 m s~ (figure not shown), which sufficiently separate La Nifia events from normal con-
ditions (see also Figure 21).

Higher occurrences of WWB in boreal summer are associated with Southern Oscillation pattern in sea level
pressure (SLP), with anomalously high pressure over Australia and low pressure over much of the Pacific
Ocean, intensifying in the Southern Hemisphere midlatitude (Figure 23a). Associated with this SLP anomaly
pattern is an anticyclonic atmospheric circulation over South Australia (e.g., Stephens et al.,, 2007), which
meanders equatorward before diverting eastward at the equator. Similar patterns but of opposite sign can
be seen for higher occurrences of EWB (Figure 23b).

The characteristics of these cold southerly surges are described by the “Southern Hemisphere booster” (SHB)
index (Hong et al., 2014), which is the average of meridional wind velocity over the eastern board of Australia
(30°S-10°S, 140°E-170°E; Figure 23a, black box). The notion that SHB is conducive for WWBs is reflected by
significant positive correlations between SHB index and westerly wind days in WP and CP (Figures 23c and
23d). At about 0.5-0.6, the correlation strength is considered moderate, but is expected given that the SHB
is not the only factor affecting WWB. There is considerable overlap across different events in terms of SHB
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Figure 22. Number of wind burst days per month exceeding a threshold. (a) Westerly wind days with zonal velocity greater
than 0m s~ in the western equatorial Pacific (see Figure 23a for the region) for various ENSO events. (b) As in Figure 22a
but exceeding 0.5 m s (0 Westerly wind days in the western equatorial Pacific averaged from March to August
exceeding various thresholds (see Figure 22d). (d) As in Figure 22c but for June to August average. (e, f) As in Figures 22a
and 22b but for central equatorial Pacific exceeding the indicated thresholds. (g, h) As in Figures 22c and 22d but for July to
December and September to November average, respectively, exceeding the various thresholds indicated in Figure 22h.

and WWB. The 1972/1973 strong El Nifio, for instance, had the largest SHB among events other than the
1982/1983, 1997/1998, and 2015/2016 El Nifos, but in terms of WWB activities, the 1972/1973 event
appears only moderate. The 1982/1983 and 1997/1998 El Nifios are the only events that exhibit the most
active WWB during boreal summer to fall, consistently with the strongest SHB on record. The 2015/2016 El
Nifio is comparable to the 1982/1983 and 1997/1998 events in terms of WWB activity in JJA, but with only
a moderate SHB. In SON, WWB activities are maintained in the 2015/2016 event as the SHB picks up.
Nonetheless, overall, the 2015/2016 can be seen as somewhat comparable to the 1982/1983 and
1997/1998 events in terms of these wind surges and is clearly larger than the less extreme events on the
available record.
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Figure 23. (a) Composites of SLP anomaly (color shading) and zonal and meridional wind velocity at 850 hPa (vectors)
for years when the JJA average number of days in which westerly winds with zonal velocity at surface level, averaged
over Western Pacific (WP; 5°S-5°N, 130°E-180°E; red box), exceeding 0.5 m s s greater than 1 standard deviation
above the mean. Only velocity vectors with speed greater than 0.5 m s~ are shown. (b) As in Figure 23a but for
easterly winds with velocity exceeding —2 m s (© JA average Southern Hemisphere booster (SHB) index against JJA
average number of days of WP westerly winds exceeding 0.5 m s™". The SHB index is meridional wind velocity at
850 hPa averaged over 30°S-10°S, 140°E-170°E (black box in Figure 23a). (d) SON average SHB index against SON
average number of westerly winds over Central Pacific (CP; 55-5N, 155E-150 W; magenta box in Figure 23a) exceeding
Ooms . (e) JJA average Southern Oscillation index (SOI) against JJA average number of WP easterly winds exceeding
—2ms " (f) SON average SOI against SON average number of CP easterly winds exceeding —4 m s~ '. Raw data
are used in Figures 23c-23f, and the correlation coefficient between the variables indicated in each panel is significant
above the 95% confidence level (similar correlation coefficients are obtained when detrended). Mean values are
indicated by solid gray lines, and standard deviations at 1 unit interval from the mean are indicated by dotted lines.
Central Pacific El Niflo events are indicated with “plus” marker.

One feature worth noting is that by boreal fall, WWB activities in central Pacific are absent during all La Nifa
and most neutral years, as well as most central Pacific El Nifio years, except those CP El Nifios that also involve
significant warming in the eastern Pacific (Figure 23d). This signifies the role of eastern Pacific warming for
generating CP WWB.
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Just like WWB, EWB are also significantly correlated to SHB (r = —0.50 and —0.75 for WP and CP EWB in
JJA and SON, respectively). The relationship between equatorial wind bursts and southerly surges is
established through the hemispheric-scale east-west SLP see-saw in the Southern Oscillation
(Figures 23a and 23b). The number of EWB and WWB days is highly correlated to the SOI at above
95% confidence level (|r] > 0.5). In terms of SOI and EWB (Figures 23e and 23f), extreme ENSO events
do not appear to be strikingly distinct from other types of events. An exception to this is the large nega-
tive value of SOI in SON during the 1982/1983 El Nifo. In short, unlike WWB and SHB, the SOI and the
EWB do not provide a strong distinctive characterization for extreme events. Nonetheless, strong La
Nifa events tend to be preceded by above average EWBs, highlighting the important role of EWB in
La Nifa onset (Chiodi & Harrison, 2015). The role of the EWB is not only limited to La Nifia development,
but can also have an effect on El Nifo. This is demonstrated by the above average EWB in 2014 in boreal
summer (Figure 23e), which preconditions the 2015/2016 El Nifio by preventing warm water volume
discharge (Hu & Fedorov, 2017a; Levine & McPhaden, 2016), thus contributing to the high EHC seen in
2015 (Figure 17d). The relatively high occurrences of EWB in 2014, which coincided with the absence
of WWBs (Figures 23c and 23d; Menkes et al., 2014), also contributed to the failed materialization of a
strong El Nifio in 2014 boreal winter through suppression of positive Bjerknes feedback that supports
El Nifio growth (Hu & Fedorov, 2016).

5. Summary and Discussions

Although the basic dynamics of ENSO implies that it can be viewed as a simple deterministic linear system
independent of the annual cycle (section 2), in reality there is a strong degree of chaos, stochasticity, nonli-
nearity, and seasonality. Various studies to date have collectively conducted in-depth investigation on each
of these aspects, yet there is still scope for further understanding given the short observational record. In this
regard, the emergence of the strong 2015/2016 El Nifio provides a great opportunity for a reflection.

5.1. Characteristics of ENSO Extremes

In section 4, we examined various observed variables that are relevant to ENSO genesis in order to character-
ize the 2015/2016 El Nifio and put this in perspective of past events. This in turn further exposes the nonlinear
nature of the system, which manifests in ENSO extremes.

The analysis reveals many similarities between the 1982/1983 and 1997/1998 extreme El Nifio events, thus
justifying them to be grouped together as a strongly nonlinear type of El Nifio, but the latter still emerges
as the strongest El Nifio on record. The recent 2015/2016 El Nifio is indeed extreme, marked by record-
breaking warm anomaly in the central Pacific, but weaker in many measures than the two previous extreme
El Nifios. The 1982/1983 and 1997/1998 El Nifios exhibit SST anomalies that peak toward the far eastern
Pacific, resulting in exceptional warming in the Nifio3 and Niflo1+2 regions. This distinctive characteristic pat-
tern and evolution also manifests in the 1982/1983 and 1997/1998 events having an apparent eastward pro-
pagation signature in their SST anomalies that is not seen in other events including the recent 2015/2016 El
Nifio (Figure 13). Strong La Nifa events tend to exhibit westward propagation, such that the cold SST anoma-
lies peak prominently in the Nifio4 region.

The distinctive SST patterns are also reflected in the rainfall response (Figures 15 and 16). The 2015/2016 El
Nifio displays record breaking rainfall in the Nifio4 region, whereas the 1982/1983 and 1997/1998 events
exhibit exceptionally intense precipitation over the normally cold and dry eastern equatorial Pacific (Nifio3
region). However, even if the Nifo3 rainfall for 2015/2016 is notably weaker than the 1982/1983 and
1997/1998 events, it is still distinctively large relative to any other events. From this angle, the 2015/2016
event can still be considered as an extreme El Nifio following the rainfall threshold-based definition of Cai,
Borlace, et al. (2014).

The analysis of Climate Model Intercomparison Project (CMIP) models ensemble by Cai, Borlace, et al.
(2014) and Cai, Santoso, et al. (2015) shows that the increasing Nifo3 rainfall exceeding a certain thresh-
old under greenhouse warming is an indicator for more frequent occurrences of an extreme El Nifio. They
argued that the use of rainfall to identify extreme El Niflo events is not only physically meaningful but
also relevant in terms of impact. In view of the latter aspect, they show that extreme El Nifio events need
not occur with eastward propagating SST anomalies, which are also projected to increase in frequency
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under greenhouse warming (Santoso et al., 2013). Thus, in that sense, the 2015 event can be viewed as
the first emergence of an extreme El Nifio in the 21st century—one which satisfies the rainfall threshold
definition, but not necessarily the eastward propagation characteristic. While these projections concern
eastern Pacific El Nifio, an earlier study by Yeh et al. (2009) projected an increase in central Pacific or
Modoki El Nifio frequency. The 2015/2016 El Nifio does exhibit an exceptionally strong central Pacific
warming, but it cannot be classified as a purely CP El Nifo, since it exhibits eastern Pacific warming that
is stronger than in the central Pacific (sections 3 and 4.2.1). In fact, it is the preceding weak 2014/2015
warm event that can be classified as a CP El Nifo.

In many other metrics, such as wind variability, heat content, and wind surges, the 2015/2016 El Nifio does
register as an extreme, but still notably weaker than the 1982/1983 and 1997/1998 El Nifios. The
1982/1983 and 1997/1998 El Nifios exhibit abnormally large magnitude of westerly wind anomalies during
their growth period and the southward shift of the wind anomalies following the event peak that leads to
a strong heat content discharge (Figure 17). They also exhibit a spike in WWB activity (Figures 22 and 23),
especially in boreal fall when the climatological winds are predominantly easterly, exceeding the level of
any other ENSO events. The high WWB activity late in the year was linked to the development of very warm
SSTs that expand eastward into the eastern equatorial Pacific, thus is more associated with more strongly
eastern Pacific El Nifio (Levine et al., 2016). The weaker level of the WWB activity in the 2015/2016 El Nifio,
which is shown here to be less of an eastern Pacific type of El Nifio, verifies the nature of this state-dependent
stochastic forcing.

There is a statistically significant positive correlation between WWB activity and cold southerly wind surges
from the Southern Hemisphere (represented by the SHB index). The SHB for the 1982/1983 and 1997/1998
events remain the strongest, particularly during boreal summer, with the 2015/2016 and 1972/1973 events
becoming comparable with the 1982/1983 and 1997/1998 events in boreal fall (Figure 23). The link between
SHB and WWB stems from the underlying Southern Oscillation pattern in atmospheric pressure. However,
despite a consistent tendency, the Southern Oscillation Index (SOI) during ENSO development phase does
not show strong distinctive characteristic for extreme ENSO, especially extreme La Nifia events. Easterly wind
burst activity also cannot distinctively characterize extreme La Nifia events. While the processes for extreme
La Nifa tend to be stronger than those of moderate events, the distinction is not as obvious as in the extreme
El Nifio case. Nonetheless, there are a few processes that do exhibit somewhat distinctive characteristics for
extreme La Nifa: cold central Pacific SST anomalies at the peak of the event and the equatorial heat content
discharge during the development phase.

5.2. Distinctiveness and Detectability

The results above can be summarized in Figure 24 where we consider whether the range of a certain variable
averaged over a 3 month sliding window for a given class of events intersects the range for weaker events
including events of the opposite phase. Nonoverlapping range indicates a clear distinction, and so the mean
between the minimum value of the stronger sample and the maximum value of the weaker sample is plotted.
Given the limited observational record for extreme events, prescribing probability is challenging. As such, we
simply use range instead of confidence interval. The classes of events are shown in the figure legend. Given
the significant overlap in the various variables for strong La Nifa events, we assign three events in 1973/1974,
1988/1989, and 1998/1999 as extreme La Nifa, and the rationale for this can be found in Figure 25. This ana-
lysis can also address the question of when the earliest possible time is for a given class of events to be poten-
tially detectable. By “detectable” we mean for the events to exhibit characteristics that are distinct from
weaker events. However, note that even if the sample ranges do not overlap, we still cannot be 100% sure
that the true characteristics across events are completely distinct. For instance, future observations can
potentially weaken this distinction, as demonstrated by the 2015/2016 event in some of the variables dis-
cussed above. Here we have only used one observational product for each variable. The exercise can be cer-
tainly extended using multiple products to be more rigorous and to examine the impact of
observational uncertainty.

One notable feature in Figure 24 is that in general the emergence of extreme ENSO event cannot be
readily detected prior to boreal summer. There are few exceptions. The 1997/1998 El Nifio emerges to
be detectable very early in some of the variables including EHC and WWB activity in the Western
Pacific. In most cases though, detectability for extreme El Nifio occurs in boreal summer at the earliest

SANTOSO ET AL.

ENSO EXTREMES 1112



@AG U Reviews of Geophysics 10.1002/2017RG000560

4 4 4
2 #0089 2 m%% 2
5 ~ees| @ cos? o
~ of . T of T o0
Nino3.4 °® » LNino3 5 [Nino4 o9
3 5 7 9 11 1 3 3 5 7 911 1 3 3 5 7 911 1 3
4 \///\\ 4
=)  —
5 2 n2%ee0 3 > T ge® -
: © el
~ € £
0 g 9 £
Nino1+2 = TN
3 5 7 9111 3 3 5 7 9 111 3
~ 10 ~ 10
I I
> 75 "A ~
° ° — s o 0
£ 5/ ol £ 5 e <
£ - N : L £ 25 o® -0.5 oo
oLAN34 Ty e oLAN4 EHC
3 5 7 911 1 3 3 5 7 911 1 3 3 5 7 911 1 3
1 3 3
o 2 e 2
S o o1 0%% oo O 1.
= =0 =0
1} HC, @ -1/ HC, 800eeqe -11HC,, — 2%
-2 -2
3 5 7 9111 3 3 5 7 9 111 3 3 5 7 9 11 1 3
3 5 5 )
2 /—\.\ 25 ’_/.’.,m __ 25
o 1 t./.“ Tw 0 va 0
“ 0 £ E
25 -25
_; HC. B ZW 4 . |ZwD
3 5 7 911 1 3 3 5 7 911 1 3 3 5 7 911 1 3
20 20 20
e 15 e 15 e 15f
§ -/\ ‘g ./.». ‘g‘ - 777\\ )
g 10 g 10 g 10 .~
g 5 T 5 g 5
kel | ~_ =) ke
= [WPWWB — = olePwwges - | T [WPEWR
3 5 7 9 111 3 3 5 7 9 111 3 35 7 9 11 1 3
20 3 =
e 15} - . > g °
£ g .ﬁ\. g 10
g 10 g ; 5 Y ad
g s i £ -20 o )
= P EW ‘SHB | = I
C Be S| 3080
3 5 7 9 11 1 3 35 7 9 11 1 3 3 5 7 911 1 3
End of 3-month avg End of 3—-month avg End of 3—-month avg
~—— 97EN @-@82/97EN ©®82/97/15EN 72/82/9715EN @@ Strong EN Weak EN
© ©73/88/98 LN @@ strong LN @ ®Weak LN

Figure 24. “Potential signal emergence” in the various variables for different classes of events. Values are shown only when
the minimum (M1) of the 3 month averaged value of each event class (e.g., [1982/1983, 1997/1998], [1982/1983, 1997/1998,
2015/2016], etc.) is greater than the maximum (M2) of the 3 month averaged value of any weaker events, including
neutral and the opposite phase. The values in each panel are the average of M1 and M2, plotted at the last month of the 3
month window. All data are first detrended over the available period for each variable. The SST and rainfall are based on
ERSSTv5 and standard CMAP rainfall, respectively. The values for the strongest El Nifio (1997/1998) are shown as a com-
parison. Vertical dotted lines indicate the month of August and the following February, spanning the development to
mature phase of ENSO. The variables include the various SST indices (Nifo3.4, Nifio3, Nifio4, Nifio1+2, and TNI), rainfall
averaged over Nifo3.4, Nifio3, and Nifio4 regions (RN3.4, RN3, and RN4, respectively), heat content variables (EHC, HCgy,
HCg, HCyy, and HCg_yy), zonal wind velocity anomalies (ZWy4 and ZWD), number of westerly and easterly wind bursts in the
western and central Pacific (WWBwp, WWBcp, EWB\wp, and EWBcp), the Southern Hemisphere Booster (SHB), and the
Southern Oscillation Index (SOI). Gray lines indicate the mean climatological values.
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Figure 25. Sensitivity of extreme ENSO year identification to amplitude thresholds. (a) Extreme El Nifio years identified
using Nifio3 anomaly averaged over November to January (NDJ) and December to February (DJF) both exceed M times
the corresponding standard deviations, where the amplitude threshold, M, is varied from 1 to 2 on 0.1 interval. (b) As in
Figure 25a but for extreme La Nifa years identified using Nifo4 anomaly more negative than M times its standard
deviation, where M is varied from —2 to —1 on 0.1 interval. The years that satisfy the condition for all of the four SST
reanalysis products (ERSSTv4, ERSSTv5, HadISST, and COBE) are shaded in gray. Thus, the ENSO definition would be less

sensitive to the choice of observational product or peak season. The quoted years refer to the years of the ENSO
development phase.

(e.g., SHB) and when the 2015/2016 or 1972/1973 event is considered as an extreme El Nifio (e.g.,
WWByp, WWBcp, and ZWy,). While the number of variables for detecting an extreme La Nifa is
more limited, such events can also be potentially detected as early as boreal spring (March-May)
using the equatorial heat content (EHC). This stems from the fact that EHC beats SST persistence in
predicting SST anomalies in boreal winter (McPhaden, 2003) (see also Figure 26). Low heat content in
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Figure 26. Correlation coefficient between various variables at each month against DJF average Nifi03.4 index. The gray
envelope is the correlation between Nif03.4 at each month against DJF Nifo3.4 index. Statistically significant correlation
above 95% confidence level is indicated by filled markers.
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the eastern equatorial Pacific (HCg) in boreal summer also appears as an indicator for a strong La Nifa.
In short, in general, we may need to wait until the end of boreal summer (August) to be sure about the
extremity of ENSO events (as also suggested by Takahashi & Dewitte, 2016 for extreme El Nifio) using
different indices for different class of events. The conventional linear correlation analysis (Figure 26) is
only useful for determining the phase of the events, but less so for the magnitude.

The analysis also shows that around the peak of ENSO events in boreal winter, extreme El Nifio events are
distinguishable from moderate events in terms of the various processes (Figure 24). For extreme La Nifa, vari-
ables are much more limited (Nifio3.4, Nifo4, and HCg), which exhibit distinctive characteristics. At present,
there is no comprehensive evaluation of ENSO extremes in climate models, and so this information can be
used for model validation purposes.

Thus, it is extreme El Nifio that can be more immediately distinguished from other events. This stems from the
strongly nonlinear processes in the eastern Pacific, giving rise to high skewness in many of the variables
assessed here. This nonlinearity manifests in two regimes of strong and moderate events, distinguishable
in SST patterns with the former exhibiting an “eastern Pacific” pattern and the latter a “central Pacific” pattern
(Takahashi & Dewitte, 2016; Takahashi et al.,, 2011; Figure 12), as well as in rainfall as we have shown in
Figure 16. Takahashi & Dewitte (2016) found that such regimes exist in a millennial-long run of the GFDL
CM2.1 climate model, showing transitional events between regimes. In the limited observations, the strong
regime is populated only by the 1982/1983 and 1997/1998 El Nifio. The 2015/2016 El Nifio appears as a tran-
sitional event, that is, a mixed EP and CP patterns, highlighting the continuum nature of the ENSO coupled
system which is less apparent in the short observational record.

5.3. Future Research Directions and Closing Remarks

Future observations will eventually paint a complete picture of ENSO continuum, but in the interim it is
crucial that more comprehensive analysis of climate models be conducted to better understand how and
why models can simulate different ENSO regimes, or if they tend to be locked in one or the other. This
would lead to further understanding of basic physical processes that impact ENSO simulation, for
instance, how models handle atmospheric convection (e.g., Bellenger et al., 2014) or small-scale processes
like tropical instability waves (An, 2008). It is also necessary to evaluate whether models that simulate
such regimes can properly simulate the relevant seasonally phase-locked nonlinear processes like the
southward wind shifts (Abellan, McGregor, & England, 2017; Stuecker et al., 2013). Improvements in
ENSO simulation will continue to benefit from collective effort in evaluating future generations of climate
models (e.g., Bellenger et al.,, 2014; Capotondi et al.,, 2006; Guilyardi et al., 2009, 2016; Taschetto et al,,
2014). Such an effort will help unravel the complexities of nonlinear processes governing ENSO extremes,
including the effects of remote forcing. Getting all these aspects right should lead to better prediction of
ENSO extremes and diversity (e.g., Hendon et al., 2009).

As noted in section 2.2, ENSO is influenced by modes of climate variability sourced outside tropical
Pacific. Despite several investigations in this area, how these remote forcings may contribute to ENSO
extremes is still not clear. Part of the challenge is that the remote variability itself is not entirely indepen-
dent of ENSO, owing to the pronounced global teleconnections of ENSO via the atmosphere and ocean
(e.g., Alexander et al.,, 2002; Liu & Alexander, 2007). This makes it difficult to determine cause and effect.
For instance, as the Pacific and Indian Oceans are linked through the atmospheric Walker Circulation,
anomalous suppression and enhancement of atmospheric convection over the Western Pacific Warm
Pool during El Nifio and La Nifa tend to result in cooccurrences with positive and negative phases of
the Indian Ocean Dipole (IOD) during boreal autumn (Figure 27a). As such, there is a significant positive
correlation between ENSO and 10D (Figure 27c; e.g., Meyers et al., 2007). Note that the correlation is not
perfect, given that I0Ds can also be generated in the absence of ENSO (e.g., Behera et al., 2006; Kajtar
et al, 2017). As pointed out by Zhang et al. (2015), and as can be gleaned in Figure 27c, the strength
of the correlation is largely due to eastern Pacific El Niflo events. We note that there is also asymmetry
in which extreme El Nifio events have occurred with notable positive 10Ds, including the 2015/2016
event, unlike extreme La Nifas, which were accompanied by neutral and weak I0Ds. Much stronger
correlation exists between ENSO and Indian Ocean basin-wide mode (IOBM; Figures 27b and 27d)—a uni-
form warming and cooling across the tropical Indian Ocean that emerges in boreal winter, largely in
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Figure 27. Dominant modes of SST variability in the Indian Ocean. (a) SST anomaly pattern associated with the Indian
Ocean dipole (IOD) expressed as regression coefficients of the Dipole Mode Index (DMI) onto SSTs averaged over boreal
fall (September-November; SON) when IOD peaks. (b) SST anomaly pattern associated with the Indian Ocean basin-wide
mode (IOBM) expressed as regression coefficients of the basin-wide index (BWI) onto SSTs averaged over December to May
(DJFMAM) when the IOBM is most prominent. (c) Detrended DJF average Nifi03.4 index against the SON average DMI.
(d) Detrended DJF average Nif03.4 index against the DJFMAM average BWI. (e) As in Figure 27d but for the raw data. The
DMl is the difference between SST anomalies averaged over 10°S-10°N, 50°-70°E and 10°5-0°, 90°-110°E (Saji et al., 1999).
BWI is SST anomalies averaged over 20°S-20°N, 40°-100°E (Saji et al., 2006). The analysis is based on ensemble means of the
four SST reanalysis products. Error bars are shown in Figures 27c-27e as 1 standard deviation unit above and below the
ensemble means.

response to air-sea heat fluxes induced by ENSO, lasting into the next summer (Du et al., 2009; Klein et al.,
1999; Lau & Nath, 2003).

Thus, due to these strong relationships, previous studies have utilized climate models to artificially eliminate
Indian Ocean variability and then examine the change in ENSO (e.g.,, Dommenget et al., 2006; Santoso et al.,
2012; Terray et al.,, 2016; Wu & Kirtman, 2004). While the results may be model and experimental design
dependent, the latest consensus is that the net effect of Indian Ocean SST variability is a damping on
ENSO (Terray et al,, 2016). The negative feedback appears to be associated with the effect of IOBM in promot-
ing fast transition from El Nifio to La Nifa (Kug et al., 2006), providing further explanation for why La Nifna
tends to last longer than El Nifio (Okumura & Deser, 2010), in addition to the nonlinear southward wind shift
processes in the tropical Pacific (Stuecker et al., 2013).

The effect of IOD on ENSO is somewhat a more contentious issue. On the one hand, the IOD may have no
influence on ensuing ENSO development due to destructive interference of atmospheric Kelvin waves
arising from the opposite polarity of the east-west SST anomalies (Annamalai et al., 2005). On the other
hand, the 10D could potentially initiate ENSO in the following year (Izumo et al, 2010), through the
Indonesian throughflow (Yuan et al., 2011) and/or the atmospheric bridge aided by the IOBM that imme-
diately follows the 10D (Izumo et al., 2016). Adding to the challenge in this research area is that current
generation of climate models still exhibit significant bias in the Indian Ocean (e.g., too strong IOD ampli-
tude; Cai & Cowan, 2013). The strength of interbasin interactions is also likely to vary across different
background climates (Santoso et al., 2012; see their Figure 5b). Future research should take these issues
into account, at the same time paying particular attention to individual IOD/IOBM events rather than
making a generalization across all events as this tends to hide nonlinear features. These considerations,
along with accounting for different initial conditions in the Pacific, may better identify the effect of 10D
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Figure 28. Dominant modes of SST variability in the North Pacific. (a) Pacific Decadal Oscillation (PDO) pattern expressed as
the regression of SST onto the first principal component (PC1) time series of an EOF analysis of monthly SST anomaly
over North Pacific (124°E-100°W, 20°N-65°N) after the monthly mean of global average SST anomaly removed from each
grid point (explaining 23% of total variance), following the method of Bond et al. (2003). (b) SST pattern associated with
Victoria Mode (VM) expressed as in Figure 28a but with PC2 (explaining 12% of total variance). (c) Detrended DJF average
Nif03.4 index against January-December average PC1. (d) As in Figure 28c but for PC2. The analysis is based on ensemble
means of the four SST reanalysis products. Error bars are shown in Figures 28c-28d as 1 standard deviation unit above
and below the ensemble means.

on ENSO development toward eventual emergence of an extreme ENSO event (e.g., via the potential
influence of 10D on WWB and SHB during boreal summer-autumn). In addition, these interbasin
interactions may change under greenhouse warming, especially as significant changes to the 10D and
IOBM are possible in a warmer future (Cai, Santoso, et al., 2014; Chu et al, 2014; Zheng et al, 2011).
The steep Indian Ocean surface warming trend, which elevated the 2015/2016 IOBM to be the
strongest on record (Figure 27e), is expected to influence the dynamics of ENSO and its extremes in
ways that are not yet fully understood.

There are various other modes of variability that can influence ENSO, for example in the Atlantic basin (e.g.,
Kucharski et al.,, 2016), as well as extratropics (e.g., Boschat et al., 2013). The Pacific Meridional Mode or the
Victoria Mode in the North Pacific (e.g., Di Lorenzo et al., 2015; Ding, Li, & Tseng, 2015; Furtado et al., 2012)
and the South Pacific Meridional Mode (Zhang et al., 2014) may favor formation of Central Pacific and
Eastern Pacific ENSO, respectively (Ding, Li, & Tseng, 2015; Paek et al., 2017; Vimont et al,, 2014; Yu et al.,
2010). Detailed discussions on ENSO remote forcings warrant a separate review paper, but it is worth not-
ing here that the North Pacific extratropical forcing received much attention during the genesis of the
2015/2016 El Nifo due to the presence of a persistent marine heatwave in the northeast Pacific that led
to significant ecological disruptions and marine life mortality (Di Lorenzo & Mantua, 2016). This marine
heatwave (popularly dubbed “The Blob” in the media) emerged in the fall of 2013 in response to the
positive phase of the North Pacific Oscillation (NPO) driving atmospheric ridge over northeast Pacific
(Bond et al., 2015).

The SST footprint of the NPO manifests in the Victoria Mode (VM; Figure 28b), which is independent
of the PDO (Figure 28a), exhibiting northeast-southwest oriented SST dipole with warm anomalies
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Figure 29. Time series of (a) the PDO index defined as PC1 in Figure 28, (b) the Victoria Mode (VM) index defined as PC2.
The time series shown are ensemble average across four SST reanalysis products.

extending from off California northwestward across the extratropical Pacific. The VM, which is closely
related to the North Pacific Gyre Oscillation (Di Lorenzo et al., 2008), has been suggested to trigger
ENSO events through alterations of air-sea coupling in the tropical Pacific and subsurface ocean
heat anomalies leading to surface warming in the central Pacific (Ding, Li, Tseng, et al, 2015).
Tseng et al. (2017) suggested that the Blob is part of VM evolution leading to the emergence of
the 2015/2016 El Nifno. Figure 28d shows that the VM positive phase during 2015 was particularly
strong, following another strong positive state in 2014, before turning weakly negative in 2016. While
the 2015 VM is not distinct from some of the previous moderate El Nifios, it is clearly much stronger than
in the 1982/1983 and 1997/1998 extreme El Nifios. This further highlights the distinction of the
2015/2016 El Nifio from the 1982/1983 and 1997/1998 events in terms of the forcing hemisphere (see
also Paek et al., 2017). The 2014-2015 marine heatwave may have an anthropogenic footprint (Wang
et al, 2014; Weller et al., 2015). With continued increase in greenhouse gas emission, the implications for
ENSO and its extremes need to be investigated, while keeping in mind model imperfections in simulating
modes of extratropical Pacific (Lin et al., 2015).

While we have examined many key processes in this review paper, there are several other measures, such
as wind power and available potential energy (Brown & Fedorov, 2010) that can provide further insight on
the nature of ENSO extremes. In addition, the analysis presented here has not considered the influence of
decadal variability, such as the IPO or PDO (Figure 28a). Nonetheless, it is possible that the 2015/2016 El
Niflo marks a transition from a negative to a positive IPO (Meehl et al., 2016) and ends the recent global
warming hiatus (Hu & Fedorov, 2017b). In fact the PDO index for 2016 is positive (Figure 28c), thus making
the decadal phase switch more likely (Figure 29a). In this regard, it is intriguing to ask when the next major
El Nifio will be of the same class as the 1982/1983 and 1997/1998 events, as both events occurred in a posi-
tive phase of the decadal oscillation. Is there still a possibility for such an event to exceed the magnitude of
the 1997/1998 El Nifo?

The 2015/2016 El Nifio magnitude was partly boosted by the already warm equatorial Pacific in 2014
(section 4.1), as opposed to the previous strong events that were initiated from a cooler condition.
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Figure 30. Time series of (a) Nifio3 index, (b) Nifo1+2 index from 1854 in ERSSTV5 (blue) and 1870 in HadISST (red), with
seasonal mean over 1870-2016 removed.

Thus, there is still a possibility that a future 1982/1983 or 1997/1998 type of extremes has a potential
to break records. The warming background climate due to unabated greenhouse gas forcing may have
the capacity to influence such preconditioning. In an ensemble of CMIP3 and CMIP5 climate models
that can simulate the eastward propagation characteristic of 1982/1983 and 1997/1998 events,
Santoso et al. (2013; their Figure 4) showed that there is a potential for El Nifio events in the 21st
century to achieve Nifio3 anomaly (with respect to long-term trend) that is about 30% higher than
in the 20th century under a moderate greenhouse gas emission scenario (SRES A1B, RCP4.5; Meehl
et al,, 2007; Taylor et al., 2012). This and the potential for increased occurrences of events similar to
the 1997/1+98 El Nifo highlight the need to reduce emissions (e.g., via the Paris Agreement).
However, even if global warming is halted, the risk associated with increased frequency of extreme
El Niflo events may still continue for several decades (Power et al, 2017; Wang et al.,, 2017). Despite
these projections, it is not yet clear to what extent they are affected by climate model biases. There
is some indication that the “cold tongue bias” (too cold equatorial Pacific) (e.g, Luo et al, 2005)
could affect the projection of ENSO amplitude statistics (Kim et al, 2014). Further research is
required to examine this issue along with climate model evaluation that focuses on a comprehensive
set of processes associated with both phases of ENSO extremes. There is hope nonetheless for more
reliable future projections as models continue to advance, as demonstrated by some improvements
in ENSO simulation in CMIP5 from CMIP3 models, albeit modest (e.g., Bellenger et al, 2014; Kim &
Yu, 2012).

To anticipate what the future may bring, it is instructive to enhance past record reconstructions to
narrow uncertainties. SST reanalysis products shown in Figure 30 suggest an extreme El Nifio occurring
in 1876-1878 with potentially comparable strength to the extreme Niflo of recent decades (see also
Giese & Ray, 2011). However, it is clear that observational uncertainties are particularly notable before
1950 as also demonstrated by the stronger divergence between ERSSTv5 and HadISST pre-1950
(Figure 30). Nonetheless, with a long instrumental record (Figure 30) we can gauge how extreme El
Niflo occurrences seem to have become more frequent in recent decades, as emphasized by the occur-
rence of the 2015/2016 El Nifo. It is intriguing to think whether such occurrences are unique in modern
times due to anthropogenic greenhouse forcing.
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Paleo-ENSO studies have suggested there were epochs of strong and weak ENSO activity in the distant past
(e.g., Cobb et al., 2013; Tudhope et al.,, 2001), with a possibility that the late-twentieth-century ENSO activity
is anomalously high for over at least the past few centuries, thus indicating the potential influence of anthro-
pogenic greenhouse warming. (Li et al., 2013; McGregor, Timmermann, et al,, 2013). As mentioned in
section 1, paleo data can be used to provide useful information about the gross ENSO statistics, but less so
for the characteristics of individual events, including their spatial patterns (see, e.g., Gagan, 2009; Rosenthal
& Broccoli, 2004 for challenges in paleo reconstructions). As highlighted in this review paper, ENSO extremes
exhibit diverse characteristics in spatial pattern and evolution. To extract such information from the past, it
would require sustained collective effort among paleo-climatologists, climate dynamicists, and modelers,
with climate models used to guide paleo data and vice versa. In addition, because modern observations
are used to train paleo proxy records, ocean reanalysis systems need to be continuously improved to increase
data reliability. Our existing ocean observing systems certainly must be sustained and enhanced to gather
new data with high accuracy. This is needed not just for guiding paleo reconstructions and models but also
for monitoring and predicting emerging climate events like the 2015/2016 extreme El Nifio.

These various possibilities provide a rich opportunity for future research on ENSO and its extremes.

Appendix A
ENSO classification (1980-2016)
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Figure A1. Sensitivity of classification of years into neutral, weak, or strong ENSO to different period of analysis: (top) Based
on detrended Nifo3.4 over 1980-2016, (middle) based on detrended Nifo3.4 over 1970-2016, and (bottom) raw Nifi03.4
over 1950-2016. See section 3 for classification method. Empty circles denote years that can be marginally assigned

into the stronger class (e.g., 1983/1984 and 2016/2017 neutral conditions could be marginally weak La Nifa, and 2014/2015
could be a weak El Nifio). To be compared with Figure 3.
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