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El Niño Southern Oscillation
(ENSO) is a naturally occurring
mode of tropical Pacific variability,
which has global impacts of highly
societal relevance. It has long
been known that no two El Niño
events are the same, as events
differ in amplitude, location of
maximum sea surface temperature
anomalies,
evolution,
and
triggering mechanisms. However,
the recognition that differences
in the longitudinal location of
the anomalies lead to different
atmospheric teleconnections and
impacts has stimulated a renewed
interest in the ENSO phenomenon
and spurred animated debates
on whether there are two distinct
modes of variability, such as the
“Eastern Pacific” and the “Central
Pacific” types, as a large body
of literature has emphasized, or
whether ENSO diversity can be
more properly described as a
continuum with some interesting
flavors.
A U.S. CLIVAR workshop on ENSO
diversity was held in Boulder, CO,
February 6-8 2013. The workshop
brought together a broad scientific
community actively involved in
various aspects of ENSO diversity
research. One important outcome
of the workshop discussions is
that a clear dichotomy between
Eastern and Central Pacific events
is not supported by observations
and models. However, different
dynamical modes of the tropical
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ENSO (El Niño-Southern Oscillation) is characterized by interannual sea surface
temperature (SST) variations in the eastern-to-central equatorial Pacific. In the
composite ENSO event portrayed by Rasmusson and Carpenter (1982) SST anomalies
develop along the coast of South America before propagating westward along the
equator. However, it has become clear that there are events in which anomalies
develop and remain near the International Dateline in the central equatorial Pacific.
In fact, most of the El Niño events in the 21st Century (the 2002/03, 2004/05, and
2009/10 events) have had their largest SST anomaly in the western Pacific (Yu and
Kim 2013). An example of an ENSO event in the east (1997) and an ENSO event in
the west (2009) are shown in Figure 1. The fact that warming is observed sometimes
in the east Pacific (EP), sometimes in the central Pacific (CP), and sometime
simultaneously in both eastern and central Pacific (e.g., the 2006-07 event; Figure 1)
has led to the suggestion that there are two types of events that represent physically
distinct phenomena (Larkin and Harrison 2005; Yu and Kao 2007; Ashok et al. 2007;
Guan and Nigam 2008; Kao and Yu 2009; Kug et al. 2009). There are also studies that
further separate the two types of ENSO into more sub-types (Wang and Wang 2013).
An alternative interpretation is that ENSO normally occurs in the central Pacific, with
events sometimes displaced to the east and sometimes displaced to the west.
One of the most pressing issues in understanding ENSO is resolving whether there
really are distinctly different types of ENSO, or whether there is one type of ENSO
with variability in its location. In addition, ENSO diversity in location is just one of
several ways in which ENSO characteristics vary from event to event. Strong and
moderate ENSO events appear to evolve differently and may belong to different
dynamic regimes (Lengaigne and Vecchi 2009; Takahashi et al. 2011). ENSO diversity
in longitudinal location and intensity are not uncorrelated. Weak events occur across
the entire Pacific (Giese and Ray 2011; Wittenberg et al. 2006; Capotondi 2013)
whereas strong El Niño events are largely confined to the eastern Pacific. It is less
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Pacific ocean-atmosphere system
may exist, and each ENSO event
can be viewed as the superposition
of these modes, resulting in a
“multiplicity” of flavors.
The workshop also addressed
the issue of predictability of
the different flavors, based on
the existence of atmospheric
forcing patterns and/or oceanic
conditions that can be detected
at some lead time, and favor the
development of ENSO events.
These “precursors” can be local
(e.g., Westerly Wind Bursts in
the western equatorial Pacific, or
anomalous ocean heat content
along the equator), originate from
the extra-tropical Pacific (e.g., the
Seasonal Footprinting mechanism
in the northern tropical Pacific,
and similar mechanisms from
the Southern Hemisphere), or be
associated with teleconnections
from the Indian and tropical
Atlantic Oceans. The ability
of operational forecast models
to predict the different ENSO
flavors was also discussed at the
workshop, as well as atmospheric
teleconnections and impacts
associated with the different
flavors. Large uncertainties still
remain on all of the above aspects
of ENSO diversity. The articles in
this issue of Variations provide a
brief review of our present-stateof-knowledge on ENSO diversity,
and highlight the remaining open
questions.
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clear what the relation between characteristics is for cold events (Newman et al.
2011; Ray and Giese 2012), but there is some evidence that strong cold events tend
to occur in the central Pacific and weak cold events occur in the eastern Pacific (Sun
and Yu 2009).
Ideally the issue of ENSO diversity would be resolved by the observational record.
However, the observed record of SST is too short to be able to determine if there are
uniquely different types of ENSO. The number of SST observations per month in
the Niño 3.4 region
in the COADS 2.5
database is shown in
Figure 2. There are
few observations
for most of the 20th
Century, with a
dramatic increase
in the last 30
years. Some ENSO
diversity
studies
focus on this datarich period. Lee
and
McPhaden
(2010), for example,
show an increase
in intensity and
occurrence of El
Niño events in the
central equatorial
Pacific since the
1990s.
However,
with an average
ENSO frequency of
about 4 years, this
means that there
are only about 8
really well observed
ENSO events. This
may be too short
of a record to
definitively address
the issue of ENSO
diversity. To address
the issue of limited
ocean observations
several
attempts
Figure 1. Sea surface temperature anomalies (°C) observed in December-January-February of the (a) 1997-98 El Niño event, (b) 2006-07 El
have been made to
Niño event, and (c) 2009-10 El Niño event.
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“reconstruct” SST by using spatial patterns of variability
calculated in times of dense observations (mostly the last
30 years) and using those patterns as basis functions to
project SST anomalies into periods of sparse observations
(e.g., HadISST, ERSST, Kaplan). There are several
studies that use SST reconstructions to explore ENSO
diversity (e.g., Yeh et al. 2009). But the reconstruction
methodology carries a risk for identifying types of
ENSO. Because the reconstructions rely on the structure
of ENSO in the last 30 years (and are heavily weighted
by the extreme events of 1982/83 and 1997/98), ENSO
events in the reconstructions tend to look fairly similar.
An alternative approach is to use an ocean reanalysis
of SST. Far from being a perfect representation of the
ocean state, an ocean reanalysis does not constrain SST
anomalies to be like ENSO in recent years. In addition,
the reanalysis uses information from the atmosphere (for
example surface pressure records) via surface fluxes that
complement the ocean observations. This is particularly
important during times of sparse ocean observations.
One such ocean reanalysis is SODA (Simple Ocean Data
Assimilation; Carton and Giese 2009).
Those who emphasize the existence of two distinct
types of ENSO generally suggest that these two ENSO
types have different underlying dynamics. The CP
ENSO has been found to be associated with subsurface
ocean temperature anomalies that develop in-situ in
the central Pacific (Kao and Yu 2009; Kug et al. 2009).
The subsurface temperature anomalies show little of the

Figure 2. Number of SST observations per month in the Niño 3.4
region in the ICOADS 2.5 database.

propagation or basin-wide fluctuations characteristic of
the delayed oscillator theory of the EP ENSO (Schopf
and Suarez 1988; Battisti and Hirst 1989). The subsurface
evolution of the CP ENSO implies that, in contrast to
the EP ENSO, the underlying dynamics of the CP ENSO
is not heavily dependent on thermocline variations. In
the atmosphere, wind stress and precipitation anomaly
patterns associated with the CP ENSO are also different
from those associated with the EP ENSO. While the
EP El Niño is associated with significant westerly wind
stress anomalies covering a large part of the tropical
Pacific, the westerly anomalies associated with the CP El
Niño have a smaller spatial scale and are centered in the
equatorial central-to-western Pacific (Ashok et al. 2007;
Kao and Yu 2009; Kug et al. 2009). This more westward
location is consistent with the location of the CP ENSO
SST anomalies. Significant easterly anomalies also appear
over the tropical eastern Pacific during the CP El Niño.
Positive precipitation anomalies associated with the EP
El Niño typically extend from the equatorial eastern
to central Pacific, where the largest SST anomalies are
located. For the CP El Niño, the precipitation anomalies
are characterized by a dipole pattern within the tropical
Pacific, with positive anomalies in the western Pacific
and negative anomalies in the eastern Pacific (Kao
and Yu 2009; Kug et al. 2009). Associated with wind
and precipitation patterns, ocean surface current and
salinity distribution have been shown to be different
during these two types of El Niño (Singh et al. 2011). The
different precipitation patterns imply that the associated
anomalous convective heating locations and mid-latitude
teleconnections are different as well (e.g., Larkin and
Harrison 2005; Kim et al. 2009; Mo 2010; Yu et al. 2012;
Yu and Zou 2013).
A near-surface ocean temperature budget analysis
performed by Yu et al. (2010) shows that SST anomalies
associated with CP ENSO undergo rapid intensification
through ocean advection processes. However, they argue
that the initial establishment of the SST anomalies in the
central equatorial Pacific is related to forcing from the
extratropical atmosphere and subsequent atmosphereocean coupling in the subtropics. They suggest that SST
anomalies appear first in the northeastern subtropical
Pacific and later spread toward the central equatorial
Pacific. The specific coupling processes in the subtropics

3
U.S. CLIVAR VARIATIONS Summer 2013, Vol. 11, No. 2

U.S. CLIVAR VARIATIONS
responsible for the equatorward spreading are similar to
those described by the seasonal footprinting mechanism
(Vimont et al. 2001). This mechanism explains how
wintertime mid-latitude atmospheric variations can force
subtropical SST anomalies, sustain them from winter into
the next summer, and at the same time cause them to
spread toward the central-to-western equatorial Pacific.
The wind-evaporation-SST feedback (Xie and Philander
1994) is one of the primary coupling processes. Although
it has been known for some time that extratropical sea
level pressure (SLP) variations can be precursors to El
Niño events (e.g., Anderson 2003; Chang et al. 2007;
Alexander et al. 2010), these studies do not consider the
existence of two types of El Niño. Recent studies argue
that extratropical forcing is particularly important to the
generation of the CP type of the ENSO (Yu et al. 2010; Yu
and Kim 2011). However, further studies are still needed
to more robustly demonstrate the association of the
seasonal footprinting mechanism with the CP but not
the EP type of ENSO.
An alternative view of ENSO diversity is that there may
be a continuum, rather than two or a few distinct types
of ENSO. By assigning names to ENSO events that have
different characteristics (for example ENSO in the east
Pacific versus ENSO in the central Pacific) suggests that we
can uniquely identify how the events are different. There
are many cases where a population can be categorized in
this way. El Niño (warm) is distinct from La Niña (cold).
But in some circumstances the characteristics do not
obviously fall into well-defined categories. To address
the question of different types of ENSO we need to first
understand the distribution of ENSO characteristics.
Giese and Ray (2011) attempt to address the question of
whether there are different types of ENSO based on the
location of the warm anomaly. To do that they use the
first moment of the temperature anomaly, which they
call the Center of Heat Index (CHI). Using an ocean
reanalysis that spans the period from 1871-2008, Giese
and Ray explore the distribution of the position of ENSO
through the 20th Century. They find that the position of
ENSO is normally distributed, so that most ENSOs are
neither in the east or the west, but somewhere in the
middle. They argue that EP and CP events are merely the
end members of a normal distribution.

One possible way to study the ENSO diversity with
the relatively short SST observation is to define ENSO
indices that can separate or cluster ENSO events into
different types or regimes. Several such efforts have
been carried out in recent years (see Singh et al. 2011
for a summary of these indices). Several identification
methods have been proposed to separate, for example,
the EP and CP types of ENSO. Some of them determine
the type based on the central location of surface or
subsurface ocean temperature anomalies (e.g., Kug et al.
2009; Yeh et al. 2009; Yu et al. 2011). Kug et al. (2009) and
Yeh et al. (2009) show that an El Niño event is classified
as a CP type if SST anomalies averaged over the Niño 4
region are greater than those averaged over the Niño 3
region and vice versa for the EP type. To better separate
these two types of the ENSO, Ren and Jin (2011) and
Takahashi et al. (2011) propose modifications to these
two Niño indices to increase the orthogonality between
them. In contrast, Yu et al. (2011) use subsurface ocean
temperature indices to identify the two types of ENSO.
Other methods (e.g., Ashok et al. 2007; Kao and Yu 2009)
have examined the spatial pattern of tropical Pacific SST
anomalies to determine the type. Ashok et al. (2007),
for example, argue that the CP type is characterized by
an out-of-phase relation between the SST anomalies in
the central Pacific and those in the eastern and western
Pacific. Kao and Yu (2009) argue that the EP and CP types
have different generation mechanisms and can coexist
to contribute to the tropical Pacific SST anomalies, so
that contrasting SST anomalies in specific regions of the
Pacific cannot effectively separate the two types. Instead,
they use a regression method to separate SST anomalies
into components associated separately with the EP
and CP types and then apply an Empirical Orthogonal
Function (EOF) analysis to each of the components to
obtain the leading spatial patterns of these two types.
They then project tropical Pacific SST anomalies onto
these two EOF patterns to determine the El Niño type.
Recent interest and efforts in the study of ENSO diversity
is providing new ways to understand how El Niño may
respond to and feedback to a changing climate. There is
still much to learn about what causes variations of ENSO.
Nevertheless, it is plausible that ENSO is changing and
there is a need to re-visit the existing modeling and
prediction strategies that were developed primarily for
the conventional EP type of ENSO. It is unfortunate that
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there are only a few CP El Niño events available in the
observations (less than 12 since the 1950s, depending on
the way a CP event is defined). While much can still be
learned from examining this limited number of events,
we should look to long-term coupled climate model
simulations for assistance, as well as paleoclimate records,
to obtain a better understanding of ENSO diversity.
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