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1.1. INTRODUCTION

El Niño–Southern Oscillation (ENSO) is a prominent 
climate phenomenon in the tropical Pacific that can dis­
rupt global atmospheric and oceanic circulation patterns 
and exert profound impacts on global climate and socio­
economic activities. Since Bjerknes [1969] first recognized 
that ocean‐atmosphere coupling was a fundamental 

characteristic of ENSO, a tremendous amount of effort 
has been expended by the research community to describe 
and understand the complex nature of this phenomenon 
and its underlying generation mechanisms. By the 1990s, 
the effort had led to the developments of successful theo­
retical frameworks that could explain the major features 
observed during ENSO events [Neelin et  al., 1998] and 
useful forecast systems had been formulated to predict 
ENSO evolution with significant lead times of up to three 
seasons [Latif et  al., 1998]. The typical ENSO impacts 
in  various parts of the globe had also been extensively 
examined and documented. Through these efforts, it was 
also recognized that ENSO properties were not the same 
among events and could change from one decade to 
another. The diversity of ENSO characteristics attracted 
renewed interest at the beginning of the 21st century (see 
Capotondi et al. [2015], for a summary of these efforts), 
when it became obvious that the central location of the 
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sea surface temperature (SST) anomalies associated with 
ENSO appeared to be moving from the tropical eastern 
Pacific near the South American coast to locations near 
the International Dateline in the tropical central Pacific. 
Most of the El Niño events that have occurred so far in 
the 21st century developed primarily in the central Pacific 
[Lee and McPhaden, 2010; Yu et  al., 2012b; Yu et  al., 
2015a; Yeh et al., 2015]. The fact that El Niño can some­
times occur in the eastern Pacific, sometimes in the 
central Pacific, and sometimes simultaneously in both 
portions of the Pacific has suggested that there may exist 
more than one type of ENSO, whose generation mecha­
nisms and associated climate extremes may be different. 
The changes in ENSO observed during the recent decades 
have motivated the research community to revisit the 
conventional views of ENSO properties, dynamics, and 
global impacts.

1.2. CHANGES IN ENSO PROPERTIES

1.2.1. Flavors of ENSO

Slow or interdecadal changes have been observed in 
ENSO properties, including its intensity, period, and 
propagation direction [Gu and Philander, 1995; Wang and 
Wang, 1996; Torrence and Webster, 1999; An and Wang, 
2000; Fedorov and Philander, 2000; Wang and An, 2001; 
Timmermann, 2003; An and Jin, 2004; and many others]. 
The amplitude of ENSO‐associated SST anomalies, for 
example, was found to be stronger at the beginning and 
the end of the twentieth century, but weaker in between 
[Gu and Philander, 1995; Wang and Wang, 1996]. The 
propagation direction of ENSO SST anomalies has also 
alternated between eastward, westward, and standing 
during the past few decades [Wang and An, 2001; An and 
Jin, 2004]. Its recurrence frequency changed from about 2 
to 3 yr before 1975 to a longer frequency of 4 to 6 yr after­
ward [An and Wang, 2000]. In recent decades, one of the 
most noticeable changes in ENSO properties has been the 
displacement of the central location of ENSO SST 
anomalies [Larkin and Harrison, 2005; Ashok et al., 2007; 
Kao and Yu, 2009; Kug et al., 2009]. ENSO is character­
ized by interannual SST variations in the equatorial 
eastern and central Pacific. In the canonical ENSO events 
portrayed by Rasmusson and Carpenter [1982], SST 
anomalies first occur near the South American coast and 
then spread westward along the equator. However, ENSO 
events characterized by SST anomalies primarily in the 
equatorial central Pacific, and which spread eastward 
[An and Wang, 2000] also occur. Trenberth and Stepaniak 
[2001] recognized that the different SST evolutions of 
ENSO events cannot be fully described with a single 
index such as the Niño‐3 (5°S–5°N, 90°–150°W) SST 
index. They defined a trans‐Niño index, which measures 

the SST gradient along the equator by taking the differ­
ence between normalized Niño‐1 + 2 (10°S–0°, 80°–90°W) 
and Niño‐4 (5°S–5°N, 160°E–150°W) SST indices to help 
discriminate the different SST evolutions. Their study 
implies that different types of ENSO may be better iden­
tified by contrasting SST anomalies between the eastern 
and central Pacific. A similar conclusion was reached by 
Yu and Kao [2007] in their analysis of the persistence 
barrier of Niño indices in the central‐to‐eastern Pacific 
(i.e., Niño‐1 + 2, Niño‐3, Niño‐3.4 (5°S–5°N, 120°–170°W), 
and Niño‐4 SST indices). They found different decadal 
changes between the indices in the equatorial central and 
eastern Pacific. They also found that the decadal changes 
in ocean heat content variations along the equatorial 
Pacific coincide with the decadal changes in the SST per­
sistence barriers in the eastern Pacific, but not with those 
in the central Pacific. This finding led them to suggest 
that there are two types of ENSO: An Eastern‐Pacific 
(EP) type located primarily in the tropical eastern Pacific 
and whose generation mechanism involves equatorial 
thermocline variations, and a Central‐Pacific (CP) type 
located in the central tropical Pacific and whose genera­
tion is less sensitive to thermocline variations. A detailed 
comparison of these two types of ENSO was presented in 
Kao and Yu [2009], where they identified the spatial struc­
ture, temporal evolution, and underlying dynamics of 
these two types of events. While this “two types of 
ENSO” point of view is adopted in this chapter, it should 
be noted that debate remains (for example, see the discus­
sion in Capotondi et al. [2015]) as to whether these two 
types are really dynamically distinct.

Examples of the EP and CP types of ENSO are shown 
in Figure 1.1, which displays the SST anomaly patterns 
during the peak phase of the 1977–1978 and 1997–1998 
El Niño events. During the 1997–1998 El Niño (Fig. 1.1a), 
SST anomalies were mostly located in the eastern part of 
the tropical Pacific, extending from the South American 
coast around 80°W to 160°W, covering the Niño‐1 + 2 
and Niño‐3 regions. During the 1977–1978 El Niño 
(Fig. 1.1b), SST anomalies were mostly concentrated in 
the equatorial central Pacific from 160°E to 120°W, cov­
ering the Niño‐3.4 and Niño‐4 regions. Some early stud­
ies had already noticed the existence of a group of ENSO 
events that developed in the central Pacific around the 
International Dateline [e.g., Weare et al., 1976; Fu et al., 
1986; Hoerling and Kumar, 2002; Larkin and Harrison, 
2005a]. Larkin and Harrison [2005a] suggested that this 
group of ENSO events can produce different impacts 
on the US climate from conventional ENSO events and 
referred to them as the Dateline El Niño. Ashok et  al. 
[2007] also focused on this group of ENSO events and 
termed them El Niño Modoki. Furthermore, Wang and 
Wang [2013] classified El Niño Modoki into two sub­
types: El Niño Modoki I and El Niño Modoki II because 
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they show significantly different impacts on rainfall in 
southern China and typhoon landfall activity. These two 
subtypes of El Niño Modoki have distinct origins and 
patterns of SST anomalies during their developing phase. 
Kug et al. [2009] also named this ENSO‐type warm pool 
El Niño and the other type cold tongue El Niño.

1.2.2. Distinct Characteristics of the Eastern‐Pacific 
(EP) and Central‐Pacific (CP) Types of ENSO

Significant differences were found between the struc­
ture and evolution of the EP and CP types of ENSO [Kao 
and Yu, 2009; Kug et al., 2009]. The typical SST anomaly 
patterns associated with these two types of ENSO are 
shown in Figure 1.1c and d, which are obtained by apply­
ing a regression‐EOF (empirical orthogonal function) 
analysis [Kao and Yu,2009; Yu and Kim, 2010a] to tropical 
Pacific SST anomalies. In this method, SST anomalies 
regressed on the Niño‐1 + 2 SST index (representing the 

EP ENSO influence) were first removed from the original 
monthly SST anomalies, and then an EOF analysis was 
applied to the residual SST anomalies to obtain the spa­
tial pattern of the CP ENSO. Similarly, SST anomalies 
regressed on the Niño‐4 index (representing the CP 
ENSO influence) were first removed from the original 
SST anomalies, and then an EOF analysis was applied 
to  identify the leading structure of the EP ENSO. The 
principal components (PCs) associated with these pat­
terns are referred to, respectively, as the CP ENSO index 
and the EP ENSO index. The EOF patterns show that the 
EP ENSO‐related SST anomalies are mostly located in 
the eastern equatorial Pacific and connected to the 
coast of South America (Fig. 1.1c), while the CP ENSO 
has  most of its SST anomalies confined in the central 
Pacific with extension into the northeastern subtropical 
Pacific (Fig. 1.1d). Although other studies also proposed 
different identification methodologies for separating the 
two types of ENSO, including weighted averaged SST 
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Figure 1.1  SST anomalies during the peak phase (November–January) of (a) the 1997–1998 El Niño event and 
(b)  the 1977–1978 El Niño event. The leading EOF (empirical orthogonal function) patterns obtained from a 
regression‐EOF analysis [Kao and Yu, 2009] are shown in (c) for the Eastern‐Pacific type of ENSO and in (d) for 
the Central‐Pacific type of ENSO. The contour intervals are 0.5 °C for (a), 0.3 °C for (b), and 0.1 °C for (c) and (d). 
The Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST) [Rayner et al., 2003] for the period 
1948–2010 is used in these calculations.
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anomalies in the tropical western, central, and eastern 
Pacific [Ashok et  al., 2007]; relative magnitudes of the 
Niño‐3 and Niño‐4 indices [Kug et al., 2009; Yeh et al., 
2009]; a simple transformation of the Niño‐3 and Niño‐4 
indices [Ren and Jin, 2011] or two PCs of tropical Pacific 
SST anomalies [Takahashi et al., 2011]; and mean upper 
ocean temperature anomalies in CP and EP regions [Yu 
et al., 2011], their corresponding SST anomaly patterns 
are similar to those shown in Figure 1.1c and d. The SST 
anomaly features revealed by the regression‐EOF analysis 
were observed in the 1977–1978 and 1997–1998 El Niño 
events as shown in Figure  1.1a and b. The meridional 
extension into the subtropics of the CP ENSO SST 
anomalies is an important feature, because it resembles 
the Pacific Meridional Mode (PMM) [Chiang and Vimont, 
2004] that is the leading coupled variability mode of the 
subtropical Pacific. This connection indicates that the CP 
ENSO dynamic has a stronger tie to atmospheric and 
oceanic process outside the tropical Pacific than does the 
EP ENSO dynamic.

Below the ocean surface (Fig.  1.2), the EP ENSO is 
accompanied by significant subsurface temperature 
anomalies propagating across the Pacific basin, while the 
CP ENSO is associated only with subsurface ocean tem­
perature anomalies that develop in situ in the central 
Pacific. The different subsurface evolution indicates that, 
in contrast to the EP ENSO, the underlying dynamics of 
the CP ENSO seem to be less dependent on thermocline 
variations [Kao and Yu, 2009; Kug et al., 2009], which is 
consistent with the suggestion of Yu and Kao [2007]. 
McPhaden [2008] already noticed that the variations in 
the equatorial Pacific Ocean heat content (i.e., the so‐
called warm water volume; Meinen and McPhaden [2000]) 
tended to lead the ENSO SST anomalies by about two to 
three seasons in the 1980s and 1990s but by only one sea­
son after 2000. McPhaden [2012] attributed this decrease 
to the shift of ENSO from the EP type to the CP type in 
recent decades. The decreased lead time implies a reduced 
impact of thermocline feedback to SST anomalies for the 
CP ENSO and may explain the reduced predictability 
observed in recent decades [Barnston et al., 2012] as this 
type of ENSO occurred more frequently. The weakened 
relationship between ENSO SST anomalies and the 
underlying thermocline variation indicates that the CP 
ENSO dynamic differs from the traditional ENSO 
dynamic, such as the delayed oscillator theory [Suarez 
and Schopf, 1988; Battisti and Hirst, 1989] or the recharged 
oscillator theory [e.g., Wyrtki 1975; Zebiak 1989; Jin 
1997] that emphasize the subsurface ocean dynamics in 
governing ENSO SST evolution.

In the atmosphere, wind stress and precipitation anom­
aly patterns associated with the two types of ENSO are 
also different. While the EP El Niño is associated with 
significant westerly anomalies over a large part of the 

tropical Pacific, the westerly anomalies associated with 
the CP El Niño have a smaller spatial scale and are cen­
tered in the equatorial central‐to‐western Pacific [Kao 
and Yu, 2009; Kug et al., 2009]. This more westward loca­
tion of the westerly anomalies in the CP El Niño is con­
sistent with the location of its SST anomalies. Significant 
easterly anomalies also appear over the tropical eastern 
Pacific during the CP El Niño. Theses anomalies were 
suggested to prevent the development of positive SST 
anomalies in this region during CP El Niño events [Ashok 
et al., 2007; Kug et al., 2009]. These differences in wind 
stress anomalies are important to the interpretation of 
the underlying dynamics of these two types of ENSO. 
Moreover, positive anomalies of precipitation associated 
with the EP El Niño typically extend from the equatorial 
eastern‐to‐central Pacific where the largest SST anoma­
lies are located. For the CP El Niño, the precipitation 
anomalies are characterized by a dipole pattern, with 
positive anomalies located mainly in the western Pacific 
and negative anomalies in the eastern Pacific [Kao and 
Yu, 2009; Kug et  al., 2009]. The different precipitation 
patterns associated with these two types of ENSO imply 
that the locations of associated convective heating and 
the induced global teleconnections are different as well.

In addition to the central locations of their SST 
anomalies, the two types of ENSO also differ in their 
evolution, amplitude, and recurrence frequency. The 
propagation of SST anomalies is weaker and less appar­
ent in the CP type of ENSO than in the EP type of ENSO 
[Kao and Yu, 2009]. Also, there is no identifiable phase‐
reversal signal in the composite analysis of the CP ENSO 
SST anomalies, implying that this type of ENSO does 
not behave like a cycle or oscillation as is often the case 
for the EP ENSO. Discussions of whether ENSO should 
be viewed as an event or a cycle [e.g., Kessler, 2002] might 
be aided by recognizing that there are two types of ENSO: 
one behaves more as an event and the other more as a 
cycle. Sun and Yu [2009] pointed out that the amplitude 
of the CP El Niño tends to be smaller than that of the EP 
El Niño, while the CP La Niña is often stronger than the 
EP La Niña. The reason for this difference in behavior 
between the El Niño and La Niña phases of these two 
types of ENSO has yet to be explained. Sun and Yu 
[2009], however, proposed an ENSO‐mean state inter­
action mechanism to suggest that the amplitude asym­
metries between the El Niño and La Niña phases of these 
two types of ENSO enable ENSO to modify the tropical 
Pacific mean state, which can give rise to a 10–15 yr 
modulation cycle in ENSO amplitude. Strong El Niño 
events can occur every 10–15 yr due to this cycle, which is 
consistent with the time interval between the last three 
strongest El Niño events: the 1972–1973, 1982–1983, and 
1997–1998 El Niño events. For the recurrence frequency, 
it is well known that ENSO events tend to occur every 2 
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Figure  1.2  Evolution of equatorial (5°S–5°N) subsurface ocean temperature anomalies associated with the 
(a) EP ENSO and (b) CP ENSO. Values shown are temperature anomalies regressed on the EP and CP ENSO 
indices from a lag of −6 mo to a lag of +12 mo. The contour interval is 0.2 °C. Ocean temperature assimilation 
from the German Estimating the Circulation and Climate of the Ocean (GECCO) [Kohl et al., 2006] for the period 
1970–2001 is used.
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to 7 yr. Spectral analyses have suggested that there are 
two dominant bands of ENSO variability: a quasibien­
nial (~2 yr) band and a low‐frequency (3–7 yr) band 
[Rasmusson and Carpenter, 1982; Rasmusson et al., 1990; 
Barnett, 1991; Gu and Philander, 1995; Jiang et al., 1995; 
Wang and Wang, 1996]. The EP ENSO is dominated 
more by the low‐frequency band, while the CP ENSO is 
dominated by the quasibiennial band [Kao and Yu, 2009; 
Yu et al., 2010; Yu and Kim, 2010a]. As indicated above, 
El Niño events in the 21st century have been mostly of 
the CP type, and it is interesting to note that they occurred 
about every 2 yr in 2002, 2004, 2006, and 2009. In con­
trast, the El Niño events observed during the 1970s and 
1980s tended to occur every 4 yr. If  model projections 
are correct about the more frequent occurrence of the CP 
ENSO in the future warmer world [Yeh et  al., 2009; 
Kim and Yu, 2012], we should expect El Niño events in 
the coming decades to become more frequent but weaker.

1.2.3. Possible Causes for the Change in ENSO 
Properties

The recent change in the ENSO type may be due to 
background state changes in the tropical Pacific that are 
either caused by anthropogenic warming [Yeh et al., 2009; 
Kim and Yu, 2012] or decadal/multidecadal natural vari­
ability [McPhaden et al., 2011; Yeh et al., 2011]. Random 
fluctuations have also been suggested as possibly giving 
rise to the change in ENSO type on decadal timescales 
even without a change in the background state of the 
tropical Pacific [Newman et al., 2011].

1.2.3.1.  Anthropogenic Warming.  Yeh et  al. [2009] 
and Kim and Yu [2012] used multiple model datasets of 
phases 3 and 5 of the Coupled Model Intercomparison 
Project (CMIP3 and CMIP5) [Meehl et al., 2007; Taylor 
et  al., 2012] to examine the influence of anthropogenic 
warming on the ENSO type. Yeh et  al. [2009] analyzed 
CMIP3 model projections to show that anthropogenic 
warming can flatten the equatorial Pacific thermocline 
(due to a weakened Walker circulation) resulting in a shift 
of the thermocline feedback mechanism from eastern to 
central Pacific and increasing the occurrence of ENSO in 
the central Pacific. They suggested that the same mecha­
nism may be at work in recent decades to increase the 
occurrence frequency of the CP ENSO. Kim and Yu [2012] 
compared the amplitude ratio of these two types of ENSO 
in CMIP5 models. They found that the intensity of the CP 
ENSO increases steadily from the preindustrial to the his­
torical simulations and the future projections, but the 
intensity of the EP ENSO decreases. The CP‐to‐EP 
ENSO intensity ratio, as a result, is projected to increase.

This global warming view has been challenged on two 
fronts. First, Lee and McPhaden [2010] found that not 

only has the occurrence of the CP El Niño increased in 
recent decades but its intensity has also significantly 
increased. However, the intensity of CP La Niña events 
has not changed during the same period. As a result, they 
argued, the warming trend observed in the central Pacific 
is a result of the increasing frequency and intensity of the 
CP El Niño, rather than the other way around. Second, 
McPhaden et  al. [2011] found the Pacific background 
state during the most recent decade (2000–2010) has a 
steeper equatorial thermocline and stronger trade winds 
than during earlier decades (1980–1999), which are oppo­
site from the background states changes expected by Yeh 
et al. [2009] should anthropogenic warming be the cause 
for the change in the ENSO type. This inconsistency 
implies that the change in ENSO type may be a manifes­
tation of natural variability. McPhaden et al. [2011] also 
interpreted the Pacific background state during 2000–
2010 to be a result, rather than a cause, of the shift of the 
ENSO from the EP type to the CP type. Their argument 
is that change in the central location of the ENSO SST 
anomalies can project onto the changes in the back­
ground states.

1.2.3.2. ENSO–Mean State Interaction.  Earlier studies 
have suggested that ENSO can force changes in the tropi­
cal Pacific background state [e.g., Rodgers et  al., 2004; 
Schopf and Burgman, 2006; Sun and Yu, 2009; Choi et al., 
2009]. Due to nonlinearities in ENSO dynamics, it is 
known that asymmetries exist in the intensity, frequency, 
or spatial structures of the warm (El Niño) and cold 
(La  Niña) phases of the cycle. For example, strong El 
Niño events tend to reach a larger intensity than strong 
La Niña events [Hannachi et al., 2003; An and Jin, 2004; 
Duan et al., 2008; Frauen and Dommenget, 2010; Su et al., 
2010]. Also, strong El Niño events tend to be located 
more in the eastern Pacific while strong La Niña events 
tend to be located more in the central Pacific [Monahan, 
2001; Hsieh, 2004; Rodgers et  al., 2004; Schopf and 
Burgman, 2006; Sun and Yu, 2009]. Because of these 
asymmetries, the positive and negative anomalies associ­
ated with the El Niño and La Niña phases may produce a 
nonzero residual effect on the time‐mean state of the 
tropical Pacific. Sun and Zhang [2006] also conducted 
numerical experiments using a coupled model with and 
without ENSO to show that ENSO works as a basin‐
scale mixer on the time‐mean thermal stratification in the 
upper equatorial Pacific. The mean state change associ­
ated with decadal ENSO variability is one of the leading 
modes of tropical Pacific decadal variability in many 
coupled atmosphere‐ocean models [Rodgers et al., 2004; 
Yeh and Kirtman, 2004; Yu and Kim, 2011b].

Sun and Yu [2009] suggested an ENSO–mean state inter­
action mechanism to explain how the ENSO type may 
shift between the EP and CP types on decadal timescales. 
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A key element in their hypothesized mechanism is that 
strong El Niño events tend to be of the EP type, whereas 
strong La Niña events tend to be of the CP type. In con­
trast, weak El Niño events tend to be of the CP type, 
whereas weak La Niña events tend to be of the EP type. 
They verified this reversed spatial asymmetry characteris­
tic using observed ENSO events during the 1880–2006 
period in two reconstructed SST datasets. During strong 
ENSO periods or decades, strong El Niño events are 
located in the eastern tropical Pacific and strong La Niña 
events in the central tropical Pacific. This spatial asym­
metry between El Niño and La Niña can gradually reduce 
the background east‐west SST gradient to weaken the 
ocean‐atmosphere coupling and to shift the background 
state toward one favoring a weak ENSO regime. 
Conversely, during the weak ENSO periods or decades, 
weak El Niño events are located in the eastern tropical 
Pacific and weak La Niña events in the central tropical 
Pacific, which can gradually increase the east‐west SST 
gradient, strengthen the ocean‐atmosphere coupling, and 
shift the background state toward one favoring a strong 
ENSO regime. The reversed spatial asymmetries between 
El Niño and La Niña enable ENSO to force the tropical 
Pacific mean state in opposite ways between the strong 
and weak ENSO regimes, acting as a restoring force to 
push the mean state back and forth between states that 
sustain strong and weak ENSO intensities. ENSO can 
also alternate between the EP and CP types on decadal 
timescales. Choi et al. [2012] have noted such an ENSO–
mean state interaction mechanism and its associations 
with the ENSO types and Pacific background states in 
coupled model simulations.

1.2.3.3.  The Pacific Decadal Oscillation.  Decadal 
changes in ENSO properties can also be associated with 
forcing external to the tropical Pacific, such as that related 
to slow SST oscillations in the North Pacific, Atlantic, 
or  Indian oceans [e.g., Gu and Philander, 1997; Behera 
and Yamagata, 2003; Verdon and Franks, 2006; Luo et al., 
2005; Dong et  al., 2006]. One of the most well‐known 
forcing of this kind is related to the Pacific Decadal 
Oscillation (PDO) [Zhang et  al., 1997; Mantua et  al., 
1997], which is a leading mode of decadal SST variability 
in the North Pacific. Earlier studies considered the PDO 
a physical mode of climate variability that results from 
atmosphere‐ocean coupling within the North Pacific 
[e.g., Latif and Barnet, 1994; Alexander and Deser, 1995]. 
More recent views consider it not a single physical mode 
but a combination of several processes operating on vari­
ous timescales (see a review by Newman et al. [2015]). It 
has been suggested that the PDO is capable of modulat­
ing the ENSO properties by influencing the tropical 
Pacific background states through ocean subduction, 
thermocline ventilation, or atmospheric teleconnections 

[e.g., McCreary and Lu, 1994; Gu and Philander, 1995; 
Wang and Weisberg, 1998; Zhang et  al., 1998; Barnett 
et  al., 1999; Pierce et  al., 2000; Chang et  al., 2001; 
McPhaden and Zhang, 2002]. During the period of relia­
ble instrumental records, the PDO shifted its phase twice: 
from a negative to a positive phase around 1976–1977 
and back to a negative phase around 1999–2000. Along 
with the 1976–1977 phase shift, the background SSTs 
increased in the eastern and central tropical Pacific. This 
background state change was accompanied by noticeable 
changes in ENSO frequency and intensity [e.g., Trenberth 
and Hoar, 1996; Rajagopolan et  al., 1997]. Specifically, 
ENSO amplitude increased after the shift [An and Wang, 
2000], and the ENSO frequency increased from being 
dominated by a quasi‐2 yr band to a quasi‐4 yr band 
[Wang and Wang, 1996]. In addition, ENSO SST anoma­
lies were found to propagate westward before the shift but 
eastward after the shift [Wang and An, 2001], and there 
were more frequent El Niño events and fewer La Niña 
events after the shift [Trenberth and Hoar, 1996]. However, 
there was no noticeable change in the ENSO type across 
the 1976–1977 climate shift.

The 1999–2000 phase shift of the PDO is closer to the 
time that the occurrence frequency of the CP ENSO 
began to increase, which was suggested to be sometime 
around the 1980s [Ashok et al., 2007], the 1990s [Yu et al., 
2012a], or the beginning of the 21st century [Lee and 
McPhaden, 2010; McPhaden et  al., 2011]. Associated 
with this PDO phase shift, a late‐1990s climate shift has 
also been suggested to occur in the Pacific Rim [e.g., 
Minobe, 2000; Peterson and Schwing, 2003]. Dramatic 
changes around 1999 were reported in the North Pacific 
sea level pressure (SLP), SST and sea level patterns 
[Minobe, 2000; Cummins et al., 2005], and in the north­
eastern Pacific ecosystems [Peterson and Schwing, 2003]. 
In the western North Pacific, tropical cyclone activity 
abruptly increased after 2000 [Tu et al., 2009; He et al., 
2015]. Over the neighboring continents, precipitation pat­
terns changed after the late 1990s over North and South 
America [Huang et al., 2005] and over China [Zhu et al., 
2011; Xu et al., 2015]. Surface temperatures in the Tibetan 
Plateau suddenly increased during the late 1990s [Xu 
et al., 2009]. A La Niña‐like background pattern appeared 
in the tropical Pacific [e.g., McPhaden et al., 2011; Chung 
and Li, 2013; Hu et al., 2013; Xiang et al., 2013; Kumar 
and Hu, 2014], characterized by a steeper equatorial ther­
mocline slope [McPhaden et al., 2011] and strengthened 
Walker circulation [Chung and Li, 2013; Dong and Lu, 
2013]. The breakdown of the subsurface ocean variabil­
ity–ENSO relationship [McPhaden, 2008, 2012; Horri 
et al., 2012] and a coherent weakening of tropical ocean‐
atmosphere variability [Hu et  al., 2013] after 2000 are 
likely associated with the decreases in ENSO forecast 
skill since 1999–2000 [Barnston et  al., 2012; Xue et  al., 
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2013]. Beyond the Pacific, changes in the SST and sea ice 
variability over the Bering and Chukchi seas [Minobe, 
2002; Yeo et  al., 2014] and in the southern ocean SST 
variability modes [Yeo and Kim, 2015] have also been 
found after the late 1990s.

1.2.3.4.  The Atlantic Multidecadal Oscillation.  In 
addition to the PDO‐related late‐1990s climate shift, 
there is evidence that the Pacific also experienced a basin­
wide climate shift in the early‐1990s that can also be 
responsible for the change in the type of ENSO. As shown 
in Figure 1.1, the EP ENSO has an SST anomaly pattern 
that spans the tropical eastern and central Pacific. During 
this type of ENSO, SST variations in the central Pacific 
(i.e., the Niño‐4 region) have an in‐phase association with 
the SST variations in the eastern Pacific (i.e., the Niño‐3 
region). During the CP ENSO, the association between 
SST anomalies in the central Pacific and the eastern 
Pacific is weaker. Instead, the SST variations in the tropi­
cal central Pacific are more related to SST variations in 
the northeastern subtropical Pacific that are induced 
by an interannual atmospheric variability mode, the so‐
called North Pacific Oscillation (NPO) [Walker and Bliss, 
1932; Rogers, 1981; Linkin and Nigam, 2008]. The NPO is 
the second leading mode of the North Pacific SLP varia­
bility and is characterized by out‐of‐phase SLP fluctua­
tions between the Aleutian low and the Pacific subtropical 
high. Based on these features, Yu et al. [2012a] used three 
oceanic and atmospheric indices and found that the SST 
variations in the tropical central Pacific (i.e., the Niño‐4 
index) are strongly related to the SST variations in the 
tropical eastern Pacific (i.e., the Niño‐3 index) before the 
early 1990s but more closely related to the SLP variations 
associated with NPO (i.e., the NPO index) afterward. 
They concluded that the change in ENSO from the EP 
type to the CP type occurred in the early 1990s. This cli­
mate shift resulted in a change in ENSO location from 
the eastern Pacific to the central Pacific. Yu et al. [2015a] 
further revealed that the early‐1990s climate shift was 
related to the Atlantic Multidecadal Oscillation (AMO) 
[Schlesinger and Ramankutty, 1994; Kerr, 2000], which 
changed from a negative phase to a positive phase in the 
early 1990s as well. The AMO is characterized by slow 
changes in SST in the North Atlantic and is believed to 
have a period of 60–80 yr. Although there is still ongoing 
debate on the causes of the AMO, it is agreed that the 
slow variability mode influences climate not only within 
the Atlantic basin but also across the entire Northern 
Hemisphere, including the Pacific basin [e.g., Dong et al., 
2006; Zhang and Delworth, 2007]. The physical processes 
that link the NPO and AMO to the CP ENSO are described 
in detail in section 1.3.

Evidence of the early‐1990s climate shift in the Pacific 
has also been found in other climate phenomena of the 

low‐latitude Pacific. In the western Pacific, upper ocean 
currents and sea level structure also changed around this 
time, with the north equatorial current and the north 
equatorial countercurrent migrating southward [Qiu and 
Chen, 2012] and sea level rise accelerating to a rate not 
seen in the preceding several decades [Merrifield, 2011]. 
These oceanic state changes were accompanied by 
changes in trade wind patterns [Qiu and Chen, 2012]. Sui 
et al. [2007] found that the interannual variability of the 
western Pacific subtropical high was dominated by fre­
quencies of 3–5 yr before the early 1990s but 2–3 yr after­
ward. The relationships between the Asian monsoon and 
the other monsoon systems in the Northern Hemisphere 
(e.g., the North American and North African monsoons) 
changed in such a way that the interannual rainfall vari­
ability produced by these the monsoon systems decreased 
dramatically after 1993 [Lee et  al., 2014]. The relation­
ships between the East Asian winter monsoon and ENSO 
also undergo low‐frequency oscillation [Zhou et  al., 
2007]. Moreover, the typical drought pattern in China 
was replaced by a new pattern after the early 1990s [Qian 
et al., 2014]. These recent studies together indicate that 
the Pacific climate shift in the early 1990s affected the 
ENSO location, the monsoons, the subtropical high, and 
the subtropical ocean gyre.

1.2.3.5.  Random Forcing.  Other mechanisms have 
also been put forth to explain the increased occurrence of 
the CP ENSO during the past few decades. Newman et al. 
[2011] used a linear inverse modeling technique to suggest 
that natural random variations in the atmosphere can 
project onto two particular initial SST anomaly patterns, 
each of which can eventually develop into either the EP 
or CP type of ENSO through thermocline and zonal 
advection feedbacks, respectively. They argued that such 
natural random variations can result in a slow alternation 
in the type of ENSO without the need for changes in the 
background state.

1.3. CHANGES IN ENSO DYNAMICS

1.3.1. The Different Generation Mechanisms 
for the Two Types of ENSO

The fundamental dynamics of ENSO have been tradi­
tionally believed to reside mostly within the tropical 
Pacific [Neelin et al., 1998; Philander 1999; Wang et al., 
2015; and the references therein]. The prevailing ENSO 
theories emphasize the delayed response of subsurface 
ocean to atmospheric forcing for the oscillation of ENSO. 
In this view, the delayed oceanic response results from the 
propagation and reflection of oceanic waves along the 
equator in the delayed oscillator theory [Suarez and 
Schopf 1988; Battisti and Hirst 1989], the adjustment of 
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the nonequilibrium between zonal‐mean thermocline 
depth and wind forcing in the recharged oscillator theory 
[e.g., Wyrtki 1975; Zebiak 1989; Jin 1997], or the lagged 
response of western Pacific wind stress to ENSO SST 
anomalies in the western Pacific oscillator theory 
[Weisberg and Wang 1997; Wang et al., 1999]. Variations 
in ENSO properties (such as its low‐frequency and qua­
sibiennial periodicity) can be produced by these delayed 
atmosphere‐ocean coupling processes and their interac­
tions with the annual cycle or by the nonlinear chaotic 
characteristics of these ENSO dynamics [Jin et al., 1994; 
Jin 1996, 1997; Tziperman et al., 1994, 1995; Chang et al., 
1995, 1996; Mantua and Battisti 1995; An and Jin, 2001]. 
From this point of view, the various types of ENSO do 
not necessarily represent distinct ENSO dynamics. 
However, recent studies of the EP and CP types of ENSO 
have begun to suggest that these two types of ENSO are 
likely to have different underlying dynamics [e.g., Kao and 
Yu, 2009; Yu et al., 2011; Yu and Kim, 2011a; S.‐T. Kim 
et  al., 2012; Yu et  al., 2012a; Lin et  al., 2014]. In this 
framework, the EP ENSO is produced by the traditional 
ENSO dynamics, while the generation of the CP ENSO 
relies more on forcing from the subtropical Pacific and 
its  interaction with ocean mixed‐layer dynamics in the 
equatorial central Pacific.

As shown in Figure  1.2, the composite CP ENSO is 
associated with in situ subsurface ocean temperature 
anomalies that do not show the basinwide propagation 
characteristics typical of the delayed oscillator theory 
[Suarez and Schopf 1988; Battisti and Hirst 1989]. Yu and 
Kim [2010b] further examined the thermocline variations 
associated with nine major CP El Niño events since 1960. 
Three of the CP El Niño events (i.e., 1968–1969, 1990–
1991, and 1991–1992) they examined undergo a pro­
longed decaying phase (Fig. 1.3a) that decays slowly and 
is followed by a warm event in the eastern Pacific. 
Figure 1.3d shows that the mean thermocline depth (rep­
resented by the 20 °C isotherm) for this group of events 
(i.e., Group 1) is deeper than normal in the equatorial 
Pacific (i.e., recharged state), which later gives rise to 
an EP El Niño to prolong the decay of  these three CP 
El Niño events. The other three CP El Niño events 
(1963–1964, 1977–1978, and 1987–1988) occurred in the 
presence of  shallow‐than‐normal thermoclines (i.e., 
discharged state; Group 2 of Fig. 1.3d). This group of CP 
El Niño events is followed by a La Niña event in the east­
ern Pacific, resulting in an abrupt termination of the CP 
El Niño (Fig.  1.3b). The last three events (1994–1995, 
2002–2003, and 2004–2005) occurred with near‐normal 
thermocline depths (i.e., neutral state; Group 3 of 
Fig. 1.3d). This group of events undergoes a symmetric‐
decaying pattern, whose SST anomalies grow and decay 
symmetrically with respect to a peak phase (Fig.  1.3c). 
Therefore, CP El Niño events can occur when the equatorial 

Pacific thermocline is above, below, or near the normal 
depth, as also suggested by a recent modeling study 
[Fedorov et al., 2014]. This finding further confirms that 
the generation of CP ENSO does not depend on thermo­
cline dynamics. However, these different thermocline 
structures do affect whether a warming, cooling, or neu­
tral event may occur in the eastern Pacific as the CP event 
decays. Depending on the thermocline structure, the east­
ern Pacific warming, or cooling may interact with the 
SST evolution of the CP event and give rise to the three 
distinct evolution patterns of CP El Niño. Although the 
thermocline variations are not crucial to the generation 
and the dynamics of the CP type of El Niño, the state of 
the thermocline at the peak phase of a CP ENSO event 
can potentially be used to predict when and how the CP 
ENSO event will terminate. It is the interplay between the 
dynamics of the CP and EP types of ENSO that makes 
the thermocline information useful for the prediction of 
both types of SST variations.

1.3.2. The Central‐Pacific ENSO: Extratropical 
Atmospheric Forcing Mechanism

As mentioned, for the CP El Niño the equatorial 
westerly anomalies appear to the west of the positive SST 
anomalies in the central Pacific and the equatorial east­
erly anomalies to the east. Ashok et al. [2007] argued that 
the thermocline variations induced by this wind anomaly 
pattern are responsible for the generation of the CP 
ENSO. The equatorial westerly anomalies induce down­
welling Kelvin waves propagating eastward and the 
equatorial easterly anomalies induce downwelling Rossby 
waves propagating westward and, together, they deepen 
the thermocline in the central Pacific to produce the CP 
El Niño. Kug et al. [2009] emphasized the fact that the 
equatorial easterly anomalies can suppress warming in 
the eastern Pacific during a CP El Niño event by enhanc­
ing upwelling and surface evaporation. However, they 
also argued that the mean depth of thermocline in the 
central Pacific is relatively deep and the wind‐induced 
thermocline variations may not be efficient in producing 
the CP SST anomalies. Instead, they suggested that ocean 
advection is responsible for the development of the cen­
tral Pacific warming. Yu et al. [2010] also concluded that 
the SST anomalies of the CP ENSO undergo rapid inten­
sification through ocean advection processes. However, 
they showed that the initial establishment of the CP SST 
anomalies is related to forcing from the extratropical 
atmosphere and subsequent atmosphere‐ocean coupling 
in the subtropics.

Yu et  al. [2010] performed an analysis of  the near‐
surface ocean temperature budget to identify the physi­
cal processes involved in the development of  the CP 
ENSO. They showed that the SST anomalies associated 
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with the CP ENSO undergo rapid intensification in the 
equatorial central Pacific through local atmosphere‐
ocean interactions, which involve only mixed layer ocean 
dynamics and are similar to those described for the 
slow‐SST mode of  ENSO [Neelin 1991; Neelin and Jin 
1993]. This mode requires surface wind anomalies to 
induce anomalous air‐sea fluxes and ocean advection 
processes to intensify the initial SST perturbation. Yu 
et al. [2010] suggested that the initial SST anomalies in 
the central equatorial Pacific were, however, established 
by forcing from the extratropical atmosphere. This 
suggestion is supported by regressions of  the Pacific 
SST anomalies onto the CP ENSO index. As shown in 
Figure 1.4, the regressed positive SST anomalies appear 
first in the northeastern subtropical Pacific and later 

spread toward the central equatorial Pacific to initiate 
ENSO event in the central Pacific.

The possibility of subtropical precursors in triggering 
ENSO events has long been recognized. However, recent 
studies on CP ENSO dynamics have begun to emphasize 
that these subtropical processes are not just precursors of 
ENSO but an essential element in the generation of CP 
ENSO events. As revealed by Figure 1.4, the CP ENSO is 
preceded by SST anomalies in the northeastern Pacific, 
which are characterized by a band of SST anomalies 
extending typically from Baja California toward the 
equatorial central Pacific. As the subtropical SST anom­
alies approach the equatorial Pacific, El Niño events 
develop and begin to grow. Several recent studies [e.g., 
Vimont et al., 2003; Anderson, 2004; Yu and Kim, 2011a] 
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Figure 1.3  Evolution of composite equatorial Pacific (5°S–5°N) SST anomalies for (a) the group of CP El Niño 
events that has a prolonged decay (i.e., 1968–1969, 1990–1991, and 1991–1992), (b) the group that has an 
abrupt decay (i.e., 1963–1964, 1977–1978, and 1987–1988), and (c) the group that has a symmetric decay (i.e., 
1994–1995, 2002–2003, and 2004–2005). The evolution is shown from July of the El Niño year (0) to June of the 
following year (+1) and is calculated from the Extended Reconstruction of Historical Sea Surface Temperature 
dataset (ERSST) [Smith et al., 2008]. Panel (d) shows the evolution of the depth anomalies of the zonal‐mean 20 °C 
isotherm (D20C) at the equator (5°S–5°N) for the three groups of events. The zonal mean is averaged between 
120°E and 80°W and is calculated using the Simple Ocean Data Assimilation Reanalysis data (SODA) [Carton 
et al., 2000]. Adapted from Yu and Kim [2010b].
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have suggested that the initial warming off  Baja California 
is forced by atmospheric fluctuations, particularly those 
associated with NPO. When the Pacific SST anomalies 
are regressed onto the NPO index (Fig. 1.5), it is obvious 
that the NPO first induces positive SST anomalies off  
Baja California via surface heat fluxes. The SST anoma­
lies then extend southwestward toward the tropical 
Pacific. After the SST anomalies reach the tropical 
Pacific, an El Niño event occurs and develops there. The 
evolution shown in Figure 1.5 is very similar to the evolu­
tion of SST anomalies shown in Figure 1.4 preceding the 

development of a CP El Niño event. This similarity offers 
evidence that there exists a close relationship between the 
subtropical Pacific precursors and CP ENSO.

Ocean‐atmosphere coupling in the subtropical Pacific 
is crucial for the spread of the NPO‐induced SST anoma­
lies southward into the deep tropics. The coupling pro­
cesses begin as the SST anomalies off  Baja California 
feed back onto and modify near surface winds via con­
vection. The wind anomalies induced by the convection 
tend to be located to the southwest of initial subtropical 
SST anomalies [Xie and Philander, 1994], where new positive 
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SST anomalies can be formed through a reduction in 
evaporation. The atmosphere then continues to respond 
to the new SST anomalies by producing wind anomalies 
farther southwestward. Through this wind‐evaporation‐
SST (WES) feedback [Xie and Philander, 1994], the SST 
anomalies initially induced by the NPO off Baja California 
can extend southwestward into the deep tropics. This 
series of subtropical Pacific coupling processes is referred 
to as the seasonal footprinting mechanism [Vimont et al., 
2001, 2003, and 2009]. This mechanism also offers a way 
to explain how the subtropical SST anomalies can be 
sustained from boreal winter, when extratropical atmos­
pheric variability (e.g., the NPO) is largest, to the following 
spring or summer to excite CP ENSO events.

As mentioned, the SST anomaly pattern of the sub­
tropical precursor to ENSO (in particular, the CP ENSO) 
strongly resembles the PMM that is the leading coupled 
variability mode of the subtropical Pacific. A strong 
association between the spring PMM index and the fol­
lowing winter’s ENSO index was demonstrated in Chang 
et al. [2007], who found that a majority of El Niño events 

over the past four decades were preceded by SST and sur­
face wind anomalies similar to those associated with the 
PMM. Recently, the winter SST anomalies in the western 
North Pacific have been suggested as a subtropical ENSO 
precursor, which precede ENSO development in the 
following year [S.‐Y. Wang et al., 2012, 2013]. There are 
several ways to link these ENSO precursor‐associated 
anomalies to the generation of ENSO events in the equa­
torial Pacific. One explanation emphasizes how the 
surface wind anomalies associated with the subtropical 
precursor can directly or indirectly (through the reflec­
tion of off‐equatorial Rossby wave in the western Pacific) 
excite downwelling Kelvin waves along the equatorial 
thermocline that propagate eastward to trigger El Niño 
events in the eastern Pacific [e.g., Alexander et al., 2010; 
S.‐Y.Wang et  al., 2012, 2013]. This view appears more 
related to the onset of EP ENSO events. However, when 
the subtropical precursor reaches the equatorial Pacific, 
it can also force a CP ENSO event by interacting with the 
local ocean mixed layer. Figure 1.6 illustrates this view of 
how the underlying dynamics of the two types of ENSO 
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can interact with the subtropical Pacific precursor. In this 
view, the generation of the CP ENSO is more related to 
mixed layer ocean dynamics. Dommenget [2010] and 
Clement et al. [2011] have demonstrated that ENSO‐like 
events can be produced in coupled models where the 
ocean component consists of a mixed layer only without 
any thermocline dynamics. The generation of the EP 
ENSO is considered more related to the thermocline 
dynamics depicted by the delayed‐oscillator [Suarez 
and  Schopf 1988; Battisti and Hirst 1989] and charge‐
recharged oscillator theories [e.g., Wyrtki 1975; Zebiak 
1989; Jin 1997].

1.3.3. Links Between the Atlantic Multidecadal 
Oscillation and the Central‐Pacific ENSO

The strength of the subtropical Pacific coupling, there­
fore, plays a key role in determining how efficiently the 
subtropical Pacific precursors can penetrate into the trop­
ics to excite ENSO events, particularly CP ENSO events. 
As mentioned, Yu et al. [2012a] found that the early 1990s 
is the time when ENSO changed from the EP type to the 
CP type. Yu et al. [2015a] further confirmed that the sub­
tropical Pacific coupling was stronger after the early 
1990s. They analyzed the subtropical Pacific coupling 
strength by examining the correlation coefficient between 

the SST and surface wind anomalies associated with the 
PMM. As shown in Figure 1.7, the coupling strength was 
at a relatively constant level before and after the 1976–
1977 climate shift, which suggests that the phase change 
in the PDO cannot affect the subtropical Pacific coupling. 
In contrast, the subtropical Pacific coupling strength 
increased after the early‐1990s climate shift. The stronger 
subtropical Pacific coupling has made it easier for the 
subtropical precursors to penetrate into and to influence 
the deep tropics, and, as a result, the occurrence of CP 
ENSO events increases. As mentioned, the early‐1990s 
climate shift is related to the phase change of the AMO. 
Yu et al. [2015a] coupled an atmospheric general circula­
tion model (AGCM) with a slab ocean model to demon­
strate the relationship between the AMO and the CP 
ENSO. In the coupled model, they prescribed a positive 
phase of the AMO SST anomalies in one experiment and 
a negative phase of the AMO in the other experiment. 
They showed that the Pacific SST variability produced by 
the coupled model increased most in the tropical central 
Pacific when a positive AMO was prescribed in the 
Atlantic. They also laid out the chain of events to explain 
how the AMO influenced the CP ENSO. First, a switch 
of  the AMO to its positive phase in the early 1990s 
led  to an intensification of the Pacific subtropical high. 
The  intensified high resulted in stronger‐than‐average 
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Figure 1.6  A schematic diagram illustrating the possible relationships between the subtropical Pacific precursors 
and the two types of ENSO (CP and EP). (See insert for color representation of the figure.)
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background trade winds that enhanced the WES feed­
back mechanism, strengthening the subtropical Pacific 
coupling between the atmosphere and ocean, making 
the subtropical Pacific precursors more capable of pene­
trating into the deep tropics, and ultimately leading to 
increased occurrence of CP ENSO events. The study of 
Yu et al. [2015a] suggests that the recent shift from more 
conventional EP to more CP type of ENSO events can 
thus be at least partly understood as a Pacific Ocean 
response to the phase change in the AMO.

1.3.4. The Roles of the Hadley and Walker Circulations

The emergence of CP ENSO represents a change in 
ENSO dynamic from one that emphasizes the tropical 
Pacific coupling processes to another that emphasizes the 
subtropical Pacific forcing. This recent change in ENSO 
dynamic can also be understood via the different roles 
played by the Walker and Hadley circulations in the 
ENSO dynamic, as noted by Yu et al. [2010]. Figure 1.8 
shows the correlation coefficients between SLP anomalies 
and the EP and CP ENSO indices. The EP ENSO is asso­
ciated with a southern‐oscillation pattern characterized 
by out‐of‐phase SLP anomalies between the eastern and 
western tropical Pacific. The SLP variations over the mar­
itime continent region are linked to SLP over the eastern 
equatorial Pacific through the Walker circulation. The 
SLP anomaly pattern associated with CP ENSO does not 
really resemble the Southern Oscillation. Instead, the SLP 
variations over the maritime continent are linked to SLP 

variations in the subtropics of both the North and South 
Pacific, suggesting that a connection through local Hadley 
circulation may be more important. Therefore, Yu et al. 
[2010] argued that the tropical Pacific Ocean interacts 
with the Walker circulation to produce EP ENSO but the 
local Hadley circulation to produce CP ENSO. The alter­
nation between the EP and CP types of ENSO can be 
viewed as a result of changes in the relative strengths of 
the Hadley and Walker circulations. A stronger Walker 
circulation may lead to a dominance of the EP type, while 
a stronger Hadley circulation may favor the CP type. This 
view was further examined in Yu et al. [2012a], in which 
they compared the strength of the time‐mean Walker and 
Hadley circulations before and after the early‐1990s 
climate shift. Consistent with the view of Yu et al. [2010], 
the period of postclimate shift has a stronger mean Hadley 
circulation compared to the period of preclimate shift. 
The stronger Hadley circulation could help the NPO‐
induced SST variations to spread into the tropical central 
Pacific. In association with the changes in the strength 
of  mean atmospheric circulations, the tropical central 
Pacific has become more responsive to the forcing and 
influence from the extratropical atmosphere, which has 
resulted in more frequent occurrence of CP ENSO events. 
The relative dominance of the two types of ENSO may be 
related to the relative strength of the Hadley and Walker 
circulations. As for the mean strength of the Walker circu­
lation, it is in debate whether it has weakened [e.g., Vecchi 
et  al., 2006; Vecchi and Soden, 2007; Xie et  al., 2010; 
Tokinaga et  al., 2012; Yu et  al., 2012a] or strengthened 
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[e.g., Dong and Lu, 2013; Hu et al., 2013; L’Heureux et al., 
2013] in recent decades, although it is more generally 
agreed that the circulation has strengthened in the most 
recent decade [e.g., England et al., 2014].

1.3.5. Other Possible Mechanisms

In addition to the extratropical atmospheric forcing 
mechanism, other mechanisms have been proposed to 
explain the generation of the two types of ENSO. For 
example, Yu et al. [2009] used ocean‐atmosphere coupled 
GCM (CGCM) experiments to suggest that the CP 
ENSO can be excited by forcing associated with the Asian 
and Australian monsoons. Chung and Li [2013] argued 
that the La Niña‐like (stronger zonal SST gradient) dec­
adal background state since 1999 is responsible for the 
more frequent occurrence of CP El Niño. Their numeri­
cal experiments showed that with the increased back­
ground zonal SST gradient, the anomalous wind and 
precipitation response to EP or CP SST forcing shifts to 
the west, leading to a westward shift in the SST anomaly 
tendency that resembles the CP ENSO. Ren and Jin [2013] 
found that with the decadal signal removed, the ocean 
heat content shows recharge‐discharge processes through­
out the life cycles of both ENSO types. They showed that 

the different zonal locations of the SST and easterly wind 
anomalies and the associated thermocline feedback 
contribute to the growth and phase transitions of the two 
ENSO types. This view of varying thermocline feedbacks 
for the two ENSO types is consistent with the study of 
Hu et al. [2012b] who suggested that the subsurface ocean 
temperature anomalies are weaker in the CP ENSO than 
in the EP ENSO. Hu et al. [2012b] also found differences 
in the westerly wind bursts (WWBs) between the two 
types of ENSO. They suggested that the CP (EP) ENSO 
is followed by weaker and more westward confined 
(stronger and eastward extended) WWBs along the 
equatorial Pacific, which are associated with suppressed 
(enhanced) air‐sea interactions over the cold tongue/
Intertropical Convergence Zone and weaker (stronger) 
thermocline feedbacks. Fedorov et al. [2014] and Hu et al. 
[2014] also reached a similar conclusion on the differ­
ences in the importance of WWB for the two ENSO 
types. These two modeling studies showed that the EP El 
Niño develops when WWBs are imposed in an initial 
recharge ocean state, while the CP El Niño develops in a 
neutral ocean state in the presence of a WWB or in a 
recharge state without a WWB. All these WWB studies 
suggest that properly accounting for the preceding westerly 
wind signal and air‐sea interaction may be necessary for 
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accurate ENSO predictions [Hu et  al., 2012b; Fedorov 
et al., 2014; Hu et al., 2014; D. Chen et al., 2015].

1.4. CHANGES IN ENSO TELECONNECTIONS 
AND ASSOCIATED CLIMATE EXTREMES

The recent identification of the two distinct types of 
ENSO offers a new way to consider the impact of ENSO 
on global climate. There are indications that the atmos­
pheric response to ENSO events can be sensitive to the 
exact location of their SST anomalies [e.g., Mo and 
Higgins 1998; Hoerling and Kumar, 2002; Barsugli and 
Sardeshmukh, 2002; DeWeaver and Nigam, 2004; Larkin 
and Harrison, 2005b]. An increasing number of recent 
studies have looked into the different impacts produced 
by these two types of ENSO on various parts of global 
climate. Many of these studies have revealed that the CP 
ENSO can affect global climate differently from the EP 
ENSO [e.g., Larkin and Harrison, 2005b], indicating that 
one should not simply use the existing understanding of 
the conventional EP ENSO to anticipate the climate 
impacts and teleconnections associated with the CP 
ENSO. A systematic investigation of the global and 
regional impacts of the CP ENSO is required. In this 
section, we use the differing impacts of the two types 
of  ENSO on global climate to illustrate how ENSO’s 
teleconnection and associated climate extremes have been 
changing in the past few decades.

1.4.1. North America

It is well recognized that North American climate is 
significantly impacted by ENSO [e.g., Ropelewski and 
Halpert, 1986, 1989; Kiladis and Diaz, 1989; Livezey et al., 
1997; Cayan et al., 1999; Larkin and Harrison, 2005b; and 
many others]. However, the existence of two types of 
ENSO was not taken into account in most of the past 
studies. The El Niño impact on US winter temperatures is 
traditionally characterized as a north‐south dipole pat­
tern, in which above normal temperatures are found over 
the northern states and below normal temperatures over 
the southern states [e.g., Ropelewski and Halpert, 1986]. 
Larkin and Harrison [2005a] first pointed out that sea­
sonal US weather anomalies associated with the two 
types of El Niño are quite different. Mo [2010] consid­
ered a priori the two types of ENSO to examine ENSO’s 
impacts on North American climate. The author con­
trasted the impacts of ENSO on air temperature and pre­
cipitation over the United States during the period 
1915–1960 when the EP type dominated and the period 
1962–2006 when the CP type had increased in impor­
tance, and concluded that the EP El Niño produced a 
north‐south contrast pattern in the air temperature vari­
ations, similar to the traditional view. For the CP El Niño, 

the author found the temperature variations are charac­
terized by more of an east‐west contrast pattern with 
warming over the Pacific Northwest and cooling in the 
Southeast. Yu et al. [2012b] also found that the two types 
of ENSO produced different impacts on US winter tem­
perature. Their result is similar to that of Mo [2010] but 
with significant differences in the details. Yu et al. [2012b] 
first separately regressed winter (January–March) surface 
air temperature anomalies to the EP and CP ENSO indi­
ces to show that, during EP El Niño events (Fig. 1.9a), 
positive winter temperature anomalies are concentrated 
mostly over the northeastern part of the United States 
and negative anomalies are most obvious over the south­
western states. During CP El Niño events (Fig. 1.9b), the 
warm anomalies are located in the northwestern United 
States and the cold anomalies are centered in the south­
eastern United States. The US temperature anomaly pat­
terns are rotated by about 90° between these two types of 
El Niño. Adding these two impact patterns together can 
result in a pattern that resembles the traditional El Niño 
impact on the US winter temperature (i.e., a warm‐north 
and cold‐south pattern). It indicates that the traditional 
view of El Niño impact is likely a mixture of the impacts 
of the two types of El Niño. Yu et al. [2012b] was able to 
reproduce these two different impact patterns in forced 
model experiments performed with the Community 
Atmosphere Model version 4 (CAM4) [Neale et al., 2013] 
from the National Center for Atmospheric Research 
(NCAR) (shown in Fig. 1.9c and d], in which SST anom­
alies characteristic of the EP El Niño and CP El Niño 
were separately used to force the model in two different 
sets of ensemble experiments. The regressed impact pat­
terns can also be identified in the four strongest EP El 
Niño events (in 1997, 1982, 1972, and 1986) and four of 
the top five strongest CP El Niño events (in 2009, 1957, 
2002, and 2004). Both Mo [2010] and Yu et al. [2012b] 
argued that the cause of the different impacts on US win­
ter temperature is the different wave train patterns excited 
by these two types of El Niño in the extratropical atmos­
phere. The winter atmosphere produces a Pacific–North 
American (PNA) teleconnection pattern [Wallace and 
Gutzler, 1981] during the CP El Niño, which consists of a 
positive anomaly center extending from eastern Alaska 
to the northwestern United States and a negative anom­
aly center over the southeastern United States, resulting 
in a warm‐northwest and cold‐southeast pattern of tem­
perature anomalies. During the EP El Niño, the winter 
atmosphere produces a poleward wave train emanating 
from the tropical eastern Pacific, across the southwestern 
United States, and into the northeastern United States, 
leading to the cold‐southwest and warm‐northeast pat­
tern in US winter temperatures. This wave train pattern 
resembles the Tropical North Hemisphere (TNH) pattern 
[Mo and Livezey, 1986].



The Changing El Niño–Southern Oscillation and Associated Climate Extremes  19

Concerning the US winter precipitation, the classical 
view of El Niño’s impact is one of  negative precipitation 
anomalies in the northern United States and positive 
precipitation anomalies in the southern United States 
due to a southward displacement of  the tropospheric 
jet  stream and associated winter storm activity [e.g., 
Ropelewski and Halpert, 1986, 1989; Kiladis and Diaz, 
1989; Dettinger et al., 1998; Mo and Higgins, 1998; Cayan 
et al., 1999]. Mo [2010] suggested that, during the EP El 
Niño events, precipitation decreases in the Pacific 
Northwest but increases in northern California. For the 
CP El Niño, its influence on precipitation increases in the 
Southwest but decreases in the Ohio valley compared to 
the EP El Niño. Yu and Zou [2013] regressed US winter 
precipitation anomalies on the EP and CP ENSO indices 
to identify the impact patterns (Fig. 1.10a and b). Both 
types of  El Niño produce dry‐north and wet‐south 
anomaly patterns, similar to the seesaw pattern that has 

traditionally been used to describe El Niño impacts on 
US winter precipitation. However, the dry anomalies 
produced by the CP El Niño are of  larger magnitude and 
cover larger areas than those produced by the EP El 
Niño. For example, the dry anomalies cover only the 
Great Lakes region during the EP El Niño, but extend 
southwestward through the Ohio‐Mississippi valley 
toward the Gulf  Coast during the CP El Niño. In con­
trast, the wet anomalies tend to have smaller magnitudes 
during the CP El Niño than during the EP El Niño, a 
phenomenon that is  most obvious over the southeast 
United States. In Figure  1.10, a and b indicate that 
the  CP El Niño tends to intensify the dry anomalies 
but  weaken the wet anomalies of  the impact pattern 
produced by the EP El Niño. This important difference 
is  clearly revealed in Figure 1.10c, where the precipita­
tion anomalies regressed on the EP El Niño were sub­
tracted from the anomalies regressed in the CP El Niño. 
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The negative values in Figure 1.10c indicate that a shift 
in El Niño from the EP type to the CP type enhances the 
dry anomalies over the Pacific Northwest and along the 
Ohio‐Mississippi valley and weakens the wet anomalies 
over the Southeast. As a result, the emerging CP El Niño 
produces an overall drying effect during the US winter. 
The different impacts on winter precipitation can lead to 
an asymmetric response between the two types of  ENSO 
in the springtime soil water hydrology over the Mississippi 
River basin as shown by Liang et  al. [2014], who also 

indicated that the winter to spring memory was carried 
through by subsurface hydrological storage processes.

Winter precipitation over the United States is primarily 
associated with winter storms, whose tracks are con­
trolled by the locations of tropospheric jet streams. Yu 
and Zou [2013] related the enhanced drying effect of the 
CP ENSO to a more southward displacement of the trop­
ospheric jet streams. Previous studies have suggested that 
such an equatorward shift of the tropospheric jet streams 
during El Niño events results from El Niño‐induced 
Rossby wave trains and strengthening of the Hadley cir­
culation [e.g., Wang and Fu, 2000; Seager et al., 2003; Lu 
et al., 2008]. As the jet streams shift southward, winter 
storms shift south as well, leading to a dry‐north and wet‐
south pattern of precipitation anomalies during the El 
Niño. Yu and Zou [2013] found that the jet streams were 
displaced more southward during CP El Niño than dur­
ing EP El Niño. The increased southward displacements 
of the jet streams cause dry anomalies over the northern 
United States (including the Northwest and Ohio‐
Mississippi valley), which expand and intensify more 
significantly during the CP El Niño than during the EP 
El Niño. Similarly, the wet anomalies over the southern 
United States expand over the Southwest and extend into 
Mexico during the CP El Niño. However, the same south­
ward displacements over the East Coast push the core of 
the jet stream (and therefore the storm tracks) south of 
the US continent and into the Gulf of Mexico and the 
Caribbean, which results in only a small area of wet 
anomalies left in the southeast United States during the 
CP El Niño. One major implication of the findings of Yu 
and Zou [2013] is that the droughts occurring in the Ohio‐
Mississippi valley and Pacific Northwest during El Niño 
years may be intensified as El Niño becomes more fre­
quently of  the CP type and that the Southeast should 
not expect as much enhancement of winter precipitation 
during El Niño years as in the past. In addition to cold 
season impacts, Liang et al. [2015] suggested that the two 
ENSO types have different influences on the warm season 
(May–June) Great Plains low‐level jet (GPLLJ) during 
their decaying phases. They found that the EP El Niño 
intensifies the GPLLJ while CP El Niño weakens the 
GPLLJ, the latter leading to drier conditions in the 
central United States.

Capotondi and Alexander [2010] have shown that 
CMIP3 models are capable of reproducing the general 
features of the observed precipitation pattern over North 
America despite the coarse resolutions of these global 
models. The six models they analyzed captured the 
observed precipitation maxima in the American North­
west and Southeast and the lower values in the central 
United States. Their analysis also showed that the sea­
sonal cycles of precipitation produced by the CMIP3 
models in the Great Plains were realistic, with a rainy 
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season that starts in early summer and slowly winds down 
toward winter. Mo [2010] also showed that the CMIP3 
simulations could be useful in identifying the CP and EP 
ENSO’s impacts on US winter climate. A series of studies 
organized by the National Oceanic and Atmospheric 
Administration (NOAA) Modeling, Analysis, Predictions, 
and Projections (MAPP) Program’s CMIP5 Task Force 
have also demonstrated that CMIP5 models are useful in 
understanding the climate over North America [Sheffield 
et al., 2013a, 2013b, 2014; Maloney et al., 2014]. These 
recent studies demonstrated that CMIP simulations were 
useful for studying the regional climate impacts produced 
by global‐scale climate phenomena. The performance of 
coupled climate models in simulating the EP and CP 
types of ENSO was also examined for both the CMIP3 
models [Yu and Kim, 2010a] and the CMIP5 models 
[Kim and Yu, 2012]. Compared to the CMIP3 models, the 
CMIP5 models are found to better simulate the observed 
spatial patterns of the two types of ENSO and to have a 
significantly smaller intermodel diversity in ENSO inten­
sity. The improved performance of the CMIP5 models is 
particularly apparent in the simulation of EP ENSO 
intensity, although it is still more difficult for the models 
to reproduce the observed EP ENSO intensity than 
the  observed CP ENSO intensity. The performance of 
CMIP5 models in simulating the different impacts of the 
two types of ENSO on US winter climate was also exam­
ined in Zou et al. [2014], where 30 CMIP5 preindustrial 
simulations were examined to conclude that the CMIP5 
models can simulate the observed EP El Niño impacts 
but not the observed CP El Niño impacts. The responses 
of observed US winter temperature to the EP El Niño are 
reasonably simulated by most of the CMIP5 models. The 
northeast‐warm and southwest‐cold pattern can be seen 
in many of the CMIP5 models. However, the observed 
northwest‐warm and southeast‐cold response pattern to 
the CP ENSO can only be found in some of the CMIP5 
models. In some of the other CMIP5 models, the US 
winter temperature anomalies are even opposite from the 
observed.

Why are CMIP5 models less successful in simulating 
CP ENSO impact on the US winter climate? Heating 
associated with deep convection is a key process by which 
ENSO influences the atmosphere. The intensity and loca­
tion of deep convection can be represented by the outgo­
ing longwave radiation (OLR). The importance of using 
OLR anomalies to understand the atmospheric telecon­
nections from the tropics has been emphasized in many 
earlier studies [e.g., Heddinghaus and Krueger, 1981; Lau 
and Chan, 1983, 1985; Gruber and Krueger, 1984; Ardanuy 
and Kyle, 1986; Chiodi and Harrison, 2013]. Zou et  al. 
[2014] looked into the relationships between SST and 
OLR anomalies for the two types of El Niño and exam­
ined how well the observed relationships were simulated 

in the CMIP5 models. It was found that during the EP 
ENSO, the strongest SST anomalies are located in the 
eastern equatorial Pacific and can easily influence the 
strength of the Walker circulation, giving rise to basinwide 
OLR anomalies. The modeled atmospheric responses to 
the EP El Niño are thus not sensitive to SST anomaly 
structure and can be well simulated by most of the 
CMIP5 models. In contrast, the SST anomalies of the CP 
El Niño are located in the central equatorial Pacific and 
can induce only local OLR anomalies to the west of the 
SST anomalies. The modeled atmospheric responses to 
the CP El Niño are, therefore, different among the mod­
els depending on the simulated magnitudes and locations 
of the CP El Niño SST anomalies. The finding reported 
by Zou et  al. [2014] implies that it may become more 
challenging for climate models to simulate and predict 
ENSO’s impacts on US climate as ENSO changes from 
the EP type to the CP type.

1.4.2. Western Pacific and Indian Oceans

ENSO events also produce significant impacts on the 
climate of  the western Pacific and the Indian Ocean 
basin. In the conventional point of  view, El Niño events 
shift tropical convection eastward to the equatorial 
central‐to‐eastern Pacific resulting in an anomalous 
Walker circulation that has an anomalous descending 
branch over the western Pacific, Maritime Continent, 
and northern Australia (Fig.  1.8a). This anomalous 
descending motion then induces two modes of  Indian 
Ocean (IO) variability through surface heat fluxes and 
oceanic Rossby waves [e.g., Klein et al., 1999; Venzke 
et al., 2000; Alexander et al., 2002; Xie et al., 2002; Yu 
and Lau, 2004; Yu et al., 2005; Liu and Alexander, 2007]. 
One of  the modes is the Indian Ocean Dipole [Saji et al., 
1999; Webster et  al., 1999] that has one SST anomaly 
center in the tropical western Indian Ocean and the 
other center in the southeast Indian Ocean, and the 
other mode is the Indian Ocean basinwide warming 
(IOBW). The IOD tends to peak during El Niño’s devel­
oping phase during autumn (September–November; 
SON) and IOBW peaks during El Niño’s decaying phase 
during spring (March–May) [e.g., Schott et  al., 2009]. 
These ENSO‐induced Indian Ocean variability modes 
are known to affect Indian summer monsoon, 
Australia and East Africa, the western North Pacific, 
and Southern Hemisphere high latitudes [e.g., Saji et al., 
1999; Ashok et al., 2001, 2003; Lau and Nath, 2004; Yang 
et al., 2007; Xie et al., 2009]. Associated with the differ­
ent Walker circulation response to two ENSO types 
(Fig. 1.8a and b), Wang and Wang [2014] suggested that 
the EP El Niño and some CP El Niño (El Niño Modoki 
I) events induce the positive IOD, while the other CP El 
Niño (El Niño Modoki II) events produce the negative 
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IOD. However, Yu et al. [2015b] argued that the EP El 
Niño events are more associated with the IOD while the 
CP El Niño events are not. Paek et  al. [2015] showed 
that the EP El Niño events tend to be accompanied by 
basinwide warming in the Indian Ocean but not the CP 
El Niño events. The different Indian Ocean responses 
induced by the two types of  ENSO bring different 
ENSO impacts to the neighboring regions. Kumar et al. 
[2006] used a historical rainfall record and AGCM 
experiments to suggest that the CP El Niño is more 
effective in enhancing subsidence over the Indian subcon­
tinent during Indian summer monsoon season (June–
September) leading to more severe droughts than during 
EP El Niños. Yadav et al. [2013] found that the EP El 
Niño leads to more precipitation over the north and 
central India regions during El Niño peak season 
(December–February). Ratman et  al. [2014] reported 
significant drought in austral summer over southern 
Africa during EP El Niños but not during CP El Niños. 
Significant decreases in rainfall in Australia have been 
reported during CP El Niño events compared to the EP 
El Niño events [Wang and Hendon, 2007; Lim et  al., 
2009; Taschetto and England, 2009].

1.4.3. East Asia

ENSO has profound impacts on East Asian climate 
variability such as the East Asian monsoon [e.g., Zhang 
et al., 1999; Chang et al., 2000; Zhou and Chan, 2007; Li 
and Yang, 2010], East Asian rainfall [e.g., McBride et al., 
2003; Juneng and Tangang, 2005; Zhou et al., 2009], west­
ern Pacific tropical cyclone (TC) activity [e.g., Chan, 
2000; Chia and Ropelewski, 2002; Camargo and Sobel, 
2005; Ho et al., 2004], and SSTs over the South China Sea 
[e.g., He and Guan, 1997; Xie et  al., 2003; Wang et  al., 
2006; Zhang et al., 2010]. The anomalous western North 
Pacific subtropical high (WNPSH) or low‐level Philippine 
Sea anticyclone is a potentially important atmospheric 
component connecting ENSO and East Asian climate as 
suggested by several authors [e.g., Zhang et  al., 1999; 
Wang et al., 2000; Lau and Nath, 2006; Chou et al., 2009]. 
ENSO induces SST anomalies in the western Pacific to 
initiate the WNPSH during the ENSO developing sea­
sons and the WNPSH variability is sustained until the 
following summer (June–August) through local air‐sea 
interactions [Wang et al., 2000], or the IO SST anomalies 
(i.e., IOBW) to excite a Kelvin wave to the east maintain­
ing the WNPSH variability [Yang et al., 2007; Xie et al., 
2009], or the tropical central Pacific SST anomalies that 
produce the WNPSH as a Rossby wave response to the 
west of the SST anomalies [B. Wang et al., 2013], or the 
SST anomalies over the maritime continent that give rise 
to a local Hadley circulation descending into the WNPSH 
region [Sui et al., 2007].

Recently, Zhang et  al. [2011] contrasted the different 
impacts of the two ENSO types on the WNPSH. They 
found that during the El Niño developing phase in 
autumn, an intensified WNPSH for the EP El Niño but a 
weakened WNPSH for the CP El Niño. Yuan et al. [2012] 
further documented that from the El Niño developing 
summer to decaying summer, the EP El Niño is accompa­
nied by a strong WNPSH that extends from the Indian 
Ocean to the east of the Philippines, while the CP El Niño 
is accompanied by a weak, short‐lived WNPSH that is 
confined to the west of the Philippines. They also argued 
that the IO SST anomalies are responsible for the persis­
tence of WNPSH into the ENSO following summer for 
the EP El Niño, but not for the CP El Niño. Paek et al. 
[2015] suggested in their observational and AGCM study, 
that the 3–5‐yr band of summer WNPSH variability is 
more related to the EP ENSO and its SST anomalies over 
the Indian Ocean, whereas the 2–3‐yr band of WNPSH 
variability is related to CP ENSO and its SST anomalies 
in the central Pacific and maritime continent. These dif­
ferent WNPSH responses to the two ENSO types are 
then shown to modulate East Asian climate. For example, 
southern China experiences increased rainfall during the 
EP El Niño but decreased rainfall during the CP El Niño 
due to the different WNPSH response and associated 
moisture transport into the region in El Niño developing 
phase in autumn [Zhang et  al., 2011], mature phase in 
winter [Weng et al., 2009], and decaying phase in spring 
[Feng and Li, 2011]. During El Niño decay in summer, 
Feng et  al. [2011] found increased rainfall south to the 
Yangtze River and decreased rainfall in the northern 
Yangtze–Huaihe river region for the EP El Niño, and 
increased rainfall in the Huaihe River–Yellow River 
region and decreased rainfall in southern China for the 
CP El Niño. J.‐S. Kim et al. [2012] showed a significant 
increase in precipitation over South Korea and southern 
Japan during the CP El Niño that represents conditions 
opposite of those found for the EP El Niño. Weng et al. 
[2007] and Yuan and Yang [2012] also found that the 
different WNPSH can exert a different impact on the 
summer and winter monsoon over East and Southeast 
Asia, which implies difficulty in predicting East Asian 
monsoon variability based on the conventional mon­
soon‐ENSO relationships [e.g., Yang and Jiang, 2014]. 
The WNPSH and associated convection also modulate 
TC activity over the South China Sea and western North 
Pacific during the El Niño developing phase in summer 
and autumn. The CP El Niño tends to enhance TC 
activity in the regions but the EP El Niño suppresses TC 
activity, which increases the TC landfall in Taiwan, South 
China, Korea, and Japan particularly in autumn [Chen 
and Tam, 2010; Chen, 2011; Hong et al., 2011; Kim et al., 
2011; Wang et al., 2014]. In the South China Sea, anoma­
lous net surface heat flux associated with the different 



The Changing El Niño–Southern Oscillation and Associated Climate Extremes  23

atmospheric circulation responses to the two ENSO types 
leads to a strong warm basin mode during the EP El 
Niño and a warm semibasin mode during the CP El Niño 
[Liu et al., 2014].

1.4.4. Europe and the Atlantic Ocean

ENSO can influence the Atlantic/European sector via 
the tropospheric temperature mechanism [Chiang and 
Sobel, 2002] and the atmospheric bridge mechanism 
[Klein et al., 1999]. The tropospheric temperature mecha­
nism involves an ENSO‐induced tropical tropospheric 
warming that spreads to the Atlantic as a Kelvin wave 
response to ENSO forcing, which then increases SST 
anomalies there [e.g., Yulaeva and Wallace, 1994; Enfield 
and Mayer, 1997; Chiang and Sobel, 2002]. In the atmos­
pheric bridge mechanism, ENSO weakens the Walker cir­
culation and excites a PNA teleconnection pattern that 
reduces trade wind and evaporation in the tropical North 
Atlantic, leading to a warming there [e.g., Lau and Nath, 
2004; Klein et  al., 1999; Alexander et  al., 2002]. The 
canonical El Niño is known to suppress Atlantic TC 
activity through changes in vertical wind shear over the 
main TC development region [e.g., Gray, 1984; Goldenberg 
and Shapiro, 1996] and changes in tropospheric and sur­
face temperatures [Tang and Neelin, 2004]. Recently, Kim 
et al. [2009] found that in contrast to the EP El Niño, the 
CP El Niño tends to enhance Atlantic TC activity and 
increase landfall potential along the coast of the Gulf of 
Mexico and Central America, which is associated with 
the different impacts on the vertical wind shear in the 
main TC development region by the two ENSO types. In 
contrast, S.‐K. Lee et al. [2010] and Larson et al. [2012] 
suggested that the CP El Niño has an insubstantial 
impact on Atlantic TC activity, which is associated with a 
weak warming of the tropical North Atlantic during the 
CP El Niño and a strong warming during the EP El Niño 
[Rodrigues et al., 2011; Amaya and Foltz, 2014]. Graf and 
Zanchettin [2012] found different impacts on European 
winter temperatures. They showed that EP El Niño 
events  lead to weak warming while CP El Niño events 
lead to significant cooling. They further attributed the 
European cooling to the negative phase of North 
Atlantic Oscillation (NAO) through the CP ENSO‐NAO 
teleconnection in the troposphere.

1.4.5. Arctic

For the Northern Hemisphere high‐latitude and Arctic 
climate, the ENSO signal can be transmitted there via a 
stratospheric pathway. Canonical El Niño events tend to 
be accompanied by a weakened Northern Hemisphere 
polar vortex. The positive PNA pattern and a deepened 
Aleutian low in the troposphere during El Niño may 

enhance planetary wave activities and increase the upward 
propagation of the waves into the stratosphere [e.g., 
Garfinkel and Hartmann, 2008; Garfinkel et  al., 2010; 
Nishii et al., 2010], where they dissipate and result in a 
weakened polar vortex and more frequent polar strato­
spheric warmings [e.g., Sassi et al., 2004; García‐Herrera 
et al., 2006; Manzini et al., 2006]. The warm anomalies 
then descend to the troposphere in boreal winter 
through wave–mean flow interactions [e.g., Holton, 1976; 
McIntyre, 1982; Zhou et al., 2002; Manzini et al., 2006]. 
This weakened polar vortex and descending warm anom­
alies excite the Arctic Oscillation (AO) and the NAO [e.g., 
Thompson and Wallace, 1998; Baldwin and Dunkerton, 
1999; Zhou et  al., 2002; Kunz et  al., 2009]. Recently, 
differing polar teleconnections between the two types of 
ENSO have been reported. Hegyi and Deng [2011] used 
post‐1979 observations to suggest that in contrast to the 
EP El Niño, the CP El Niño can lead to a stronger polar 
vortex and a positive phase of the AO. They argued that 
the positive AO tendency associated with the CP El Niño 
events in recent decades has contributed to decadal 
changes in the Arctic precipitation. Xie et al. [2012] also 
reported a weakened midlatitude upward propagation of 
wave activity during the 1979–2010 CP El Niños, leading 
to a stronger and colder polar vortex. In contrast, Graf 
and Zanchettin [2012] showed both types of El Niño since 
1948 were accompanied by a weakened polar vortex. 
Zubiaurre and Calvo [2012] and Sung et al. [2014] found a 
polar response (that is not statistically significant) to the 
CP El Niño that is related to a delayed deepening of the 
Aleutian low and weakened upward wave propagation to 
stratosphere. Garfinkel et al. [2013] compared the differ­
ent composites used in previous studies [Hegyi and Deng, 
2011; Graf and Zanchettin, 2012; Xie et  al., 2012; 
Zubiaurre and Calvo, 2012] to show that the diverse CP 
ENSO‐Arctic teleconnections are very sensitive to the 
selection of CP El Niño events from the short observa­
tional record. Iza and Calvo [2015] emphasized the role of 
stratospheric sudden warming (SSW) events for the 
downward propagation. They found that with the SSWs 
removed, the different EP and CP El Niño responses are 
robust regardless of the CP El Niño definition and the 
composite size. In a modeling study, Xie et  al. [2012] 
showed that whether the CP El Niño induces a strength­
ened or a weakened vortex depends on the phase of the 
quasi‐biennial oscillation (QBO), while other studies 
[Garfinkel et al., 2013; Hurwitz et al., 2013; Hurwitz et al., 
2014] found a consistent weakening of the polar vortex 
under CP Niño SST forcing using a single AGCM. In the 
CMIP5 multimodel simulations, Hurwitz et  al. [2014] 
found that the multimodel means show a weakening of 
the polar vortex during the EP El Niño in boreal winter, 
and a nonsignificant strengthening of the vortex during 
the CP El Niño.
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1.4.6. Antarctica

In the Southern Hemisphere, ENSO has been sug­
gested to influence mid‐to‐high‐latitude climate [e.g., 
Karoly, 1989; Mo, 2000; Yuan, 2004], often via the two 
leading Southern Hemisphere atmospheric variability 
modes: the southern annular mode (SAM) [Hartmann 
and Lo, 1998; Thompson and Wallace, 2000] and the 
Pacific–South American teleconnection (PSA) [Mo and 
Ghil, 1987] pattern. For example, previous studies found 
that ENSO, together with the SAM and PSA, influenced 
South American rainfall [e.g., Ropelewski and Halpert, 
1987, 1989; Grimm, 2003], the Southern Ocean SSTs [e.g., 
Ciasto and Thompson, 2008; Yeo and Kim, 2015], Antarctic 
sea‐ice concentrations [e.g., Liu et al., 2004; Stammerjohn 
et al., 2008; Yuan and Li, 2008], and Antarctic surface air 
temperatures [e.g., Kwok and Comiso, 2002; Ding et al., 
2011; Schneider et  al., 2012]. Recently, several studies 
have begun to examine the different impacts of the two 
types of ENSO on the Southern Hemisphere climate. The 
westward shift of tropical Pacific convection during the 
CP El Niño can excite Rossby wave train (i.e., PSA) 
toward higher latitudes, which then results in suppressed 
storm track activity over Australia and enhanced activity 
over central Argentina [Ashok et al., 2009], a northward 
displacement of the South American precipitation pat­
tern [Hill et  al., 2009], the melting of Antarctic ice by 
inducing a stationary anticyclone and enhancing the eddy 
heat flux into the region [T. Lee et al., 2010], and stronger 
Antarctic sea‐ice variability [Song et al., 2011]. In addi­
tion to the PSA pattern, early studies showed that the 
ENSO signals can be transmitted to high latitudes 
through a tropospheric pathway mechanism in which an 
ENSO‐induced equatorward shift in the subtropical jet 
can change the midlatitude eddy activity and its associ­
ated eddy–mean flow interactions to modulate the SAM 
[e.g., Seager et al., 2003; L’Heureux and Thompson, 2006; 
Lu et  al., 2008; Chen et  al., 2008]. Recent studies have 
used observations and GCM experiments to also suggest 
a stratospheric pathway mechanism in which the CP 
ENSO can affect the upward propagation of planetary 
waves into the stratosphere and induce polar temperature 
and vortex anomalies that subsequently descend into the 
troposphere to excite the SAM [e.g., Mechoso et al., 1985; 
Hurwitz et  al., 2011a,b; Lin et  al., 2012; Zubiaurre and 
Calvo, 2012; Son et al., 2013; Evtushevsky et al., 2014].

Fogt and Bromwich [2006] noticed that the relationships 
among ENSO, PSA, and SAM can change from decade 
to decade, which is attributed to the strengthened ENSO–
Southern Hemisphere influences from the 1980s to the 
1990s. More recently, Yu et al. [2015b] further suggested a 
shift in the ENSO–Southern Hemisphere teleconnections 
occurred in the early 1990s. They conducted a 15 yr run­
ning correlation analysis among the SAM, PSA, and 

ENSO indices during austral spring (SON) for the period 
1948–2014. For an ENSO index, they used cold tongue 
index (CTI; SST anomalies averaged over 6°S–6°N and 
180°–90°W). They found that the correlation coefficient 
between the CTI and SAM index (Fig.  1.11e) dramati­
cally increased from insignificantly small to significantly 
large values after the early 1990s, while the CTI‐PSA cor­
relation (Fig. 1.11f) stayed at significant values through­
out the analysis period. The SST anomaly pattern 
correlated with the SAM or PSA index after the early 
1990s is shown to be similar to the CP ENSO‐SST anom­
aly pattern [Kao and Yu,, 2009], whereas the SST anom­
aly pattern correlated with the PSA index before the early 
1990s is more similar to the pattern for the EP ENSO. 
Their composite analyses also showed both types of 
ENSO (Fig. 11a and b) can excite the PSA (Fig. 1.11d) 
while only CP type can excite the SAM (Fig.  1.11c) 
through tropospheric and stratospheric pathway mecha­
nisms. The EP ENSO is found to induce the Indian Ocean 
Dipole but not the CP ENSO (Fig. 1.11a and b). Yu et al. 
[2015b] showed that the different influences of the two 
types of ENSO on the Indian Ocean SST anomalies 
enable these two ENSO types to produce difference influ­
ences on the SAM through eddy–mean flow interactions. 
They further suggested that the different ENSO–Southern 
Hemisphere teleconnections and more frequent occur­
rence of the CP ENSO in recent decades have led to a 
more in‐phase SAM‐PSA relationship after the early 
1990s, which consequently impacted the post‐1990s 
Antarctic climate in some aspects: an increase in the 
geopotential height anomalies over the Amundsen‐
Bellingshausen seas, a stronger Antarctic sea‐ice dipole 
structure [e.g., Yuan and Martinson, 2001] between the 
Ross Sea and Weddell Sea, and a shift in the phase rela­
tionships of surface air temperature anomalies among 
the Antarctic Peninsula, East and West Antarctica. The 
findings of Yu et  al. [2015b] imply that the linkages 
between ENSO and Antarctic climate depend on the 
dominant ENSO type and have become tighter during 
the recent two decades and will likely remain so in the 
coming decades if  the dominance of the CP ENSO 
persists.

1.5. ENSO IN THE FUTURE

The changes in ENSO in the future warmer world are 
one major concern of the climate research community 
due to the profound impacts produced by ENSO. Climate 
models are generally used in ENSO projections; however, 
the behavior of ENSO differs strongly from model to 
model and is thus highly uncertain. Despite a number of 
studies, there is still no consensus on how ENSO SST 
variability will change in response to global warming [i.e., 
Meehl et  al., 1993; Knutson et  al., 1997; Collins, 2000b; 
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Zelle et al., 2005; Guilyardi, 2006; Merryfield, 2006; An 
et al., 2008; Yeh et al., 2009; Newman et al., 2011; Kim and 
Yu, 2012; Hu et al., 2012a; Stevenson, 2012; Kim et al., 
2014; Cai et al., 2014; L. Chen et al., 2015]. Model projec­

tions have yet to be conclusive on whether ENSO activity 
will be enhanced, weakened, or remain the same. The 
uncertainties come at least from three sources. The first 
source is related to the diverse abilities of climate models 
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Figure 1.11  Upper panels show the composite SST anomalies for the (a) CP El Niño and (b) EP El Niño events 
during austral spring (SON). Middle panels show the 500 hPa geopotential height (Z500) anomaly structures of 
the (c) SAM and (d) PSA. Dots indicate areas where the values exceed the 95% confidence interval using a 
two‐tailed Student’s t‐test. Contour interval is 8 m. Lower panels show the 15 yr running correlation coefficients 
(e) between the cold tongue index (CTI) and SAM index, and (f) between the CTI and PSA index. The green lines 
indicate the 90% confidence interval using a two‐tailed Student’s t‐test. Modified from Yu et al. [2015b].
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to represent the physical processes responsible for deter­
mining the characteristics of ENSO. The second source 
comes from the different model projections of how the 
mean state may change under warming scenarios, which 
can modulate the strengths of the atmosphere‐ocean 
feedbacks that characterize ENSO activity [e.g., Collins, 
2000a, b]. The third source of uncertainty is related to the 
fact that intrinsic ENSO modulation can occur on inter­
decadal or intercentennial timescales even without 
external forcing [e.g., Wittenberg, 2009], which makes it 
difficult to determine if  the ENSO changes produced in 
model projections are really global‐warming related.

Early studies analyzing ENSO behavior in response to 
increasing greenhouse gas (GHG) were mostly based on a 
single CGCM [Meehl et al., 1993; Tett, 1995; Knutson et al., 
1997; Timmermann et  al., 1999; Collins, 2000a, b; Zelle 
et al., 2005]. For example, Meehl et al. [1993] used a CGCM 
with a coarse horizontal resolution to indicate little change 
in ENSO amplitude or period as the global atmosphere 
warms. A similar conclusion was obtained by Tett [1995] 
using a different climate model. Knutson et al. [1997] sug­
gested that the responses of ENSO to global warming in 
models can depend on the model resolution. In coarse‐res­
olution models, the impact of increased GHG on ENSO is 
unlikely to be clearly distinguishable from the climate sys­
tem “noise” in the near future. Timmermann et al. [1999] 
used a model with a horizontal resolution high enough to 
adequately reproduce the narrow upwelling and low‐fre­
quency waves on the equator to suggest that ENSO events 
will become more frequent, stronger, and skew toward the 
La Niña phase as warming progresses. By comparing the 
ENSO behaviors under an identical 4 x CO2 scenario using 
two versions of the Hadley Centre coupled model, Collins 
[2000a] found significant changes in ENSO amplitude, fre­
quency, and phase locking to the seasonal cycle in one ver­
sion but not in the other version. Such discriminations are 
attributed to the differences in the mean pattern of climate 
change brought about by subtle changes in the physical 
parameterization between the two versions of the model. 
Collins [2000a], therefore, suggested that the uncertainties 
in the projection of future ENSO behavior also come from 
the model projections of the future mean climate states. 
The tropical Pacific mean state was projected to become 
more El Niño‐like (i.e., with greater warming in the east 
than in the west) [e.g., Meehl and Washington, 1996; 
Timmermann et al., 1999], more La Niña‐like [e.g., Noda 
et al., 1999], or uniformly warm [e.g., Meehl et al., 2000] by 
various models, each of which may give rise to different 
changes in ENSO. In addition to the mean background 
SST state and its zonal gradient, the vertical contrast 
between the mean surface and subsurface temperatures 
(i.e., the upper ocean stratification) in the tropical Pacific 
is another mean state variable of crucial importance in 
determining future ENSO changes [An et al., 2008].

To reduce the uncertainty related to the diverse model 
dynamics and physics, multimodel ensembles have been 
increasingly used for ENSO projections in recent years. 
This is particularly so after the CMIP3 and CMIP5 
multimodel outputs were made available to the research 
community and were analyzed for the Intergovernmental 
Panel on Climate Change (IPCC) Assessment Reports. 
Among the studies that analyzed the CMIP3 models, 
van Oldenborgh et al. [2005] suggested that there are no 
statistically significant changes in the amplitude of 
ENSO variability in the projections. Guilyardi [2006] 
found that models capable of  realistically simulating 
SST‐wind feedback tend to project a significant increase 
in ENSO amplitude under elevated CO2. In contrast to 
the change in ENSO amplitude, there were no clear 
indications of  an El Niño frequency change. Merryfield 
[2006] suggested that changes in ENSO amplitude 
under CO2 doubling are associated with the meridional 
width of  the zonal wind stress response to ENSO in 
models. The models were found to have a 5% decrease 
in ENSO periods, which he argued resulted from an 
increase in equatorial wave speed through an associated 
speedup of  the delayed‐oscillator feedback. Yeh and 
Kirtman [2007] suggested that whether the model ENSO 
is in the linear or nonlinear regime determines the 
changes in ENSO statistics among various climate 
change projections.

Although the CMIP5 models represent an improve­
ment over the CMIP3 models in many aspects (i.e., reso­
lution, physics, etc.), the response of ENSO to global 
warming as seen in the CMIP5 output has not resolved 
this issue. The response of ENSO amplitude to global 
warming in CMIP5 shows great diversity from model to 
model, which is similar to that found in the CMIP3 
models [L. Chen et  al., 2015]. Many studies found no 
consistent changes across the CMIP5 projections in the 
location, magnitude, frequency, or temporal evolution of 
ENSO events [Stevenson, 2012; Taschetto et al., 2014]. An 
and Choi [2015] suggested that the feedback between 
ENSO and tropical climate change induced by global 
warming is very weak, which may be the reason why the 
global warming trend cannot significantly modify ENSO 
amplitude. Other CMIP5 studies have shown that green­
house warming can alter both the amplitude of ENSO 
[Kim et  al., 2014] and the frequency of extreme ENSO 
events [Cai et al., 2014, 2015]. Kim et al. [2014] analyzed 
the nine CMIP5 CGCMs that best reproduce the observed 
Bjerknes coupled stability index to project that, under 
global warming, ENSO amplitude is likely to increase 
after 2010, remain essentially unchanged until approxi­
mately 2040, and then decrease again afterward. Cai et al. 
[2014] suggested that global warming will increase the 
occurrence of extreme El Niño events, due to a faster 
warming in the eastern equatorial Pacific that enables 
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deep convection to occur more easily in the region and 
provide a coupled feedback to grow the ENSO ampli­
tude. Cai et al. [2015] found an increased occurrence of 
extreme La Niña events under global warming due to an 
increased warming of the maritime continent compared 
to the equatorial central Pacific that enables convection 
to move to the maritime continent more easily to trigger 
the Bjerknes feedback favoring the extreme events.

After the recent recognition of different types of 
ENSO, how the ENSO type responds to future warming 
has also been explored in literature. Modeling studies 
have suggested that anthropogenic greenhouse gas forc­
ing can be one of the causes for the increased occurrence 
of the CP El Niño [Yeh et al., 2009; Collins et al., 2010; 
Na et al., 2011; Kim and Yu, 2012]. Yeh et al. [2009] used 
the CMIP3 models to suggest that the occurrence fre­
quency of the CP ENSO will increase in the future, while 
Kim and Yu, [2012] used CMIP5 models to suggest the 
amplitude of CP ENSO will increase too. Na et al. [2011] 
projected that the occurrence frequency of the CP El 
Niño during 2007–2056 will be 2.5 times that in the 1980–
2006 period.

In addition to the response of ENSO properties to 
global warming, changes in ENSO teleconnection under 
global warming scenarios have attracted substantial 
attention [i.e., Meehl and Teng, 2007; Kug et  al., 2010; 
Zou et  al., 2014]. Based on a six‐member multimodel 
ensemble, Meehl and Teng [2007] identify some possible 
changes in the future El Niño teleconnections. Among 
them, the anomalous low in the North Pacific is sug­
gested to weaken and shift eastward and northward in 
future events. This location shift may lead to a decreased 
anomalous warming over northern North America, 
increased cooling over southern North America, and 
enhanced precipitation in the Pacific Northwest compared 
to present‐day El Niño event teleconnections. Kug et al. 
[2010] also found that the atmospheric teleconnection 
patterns over the Northern Hemisphere may shift eastward 
due to an eastward migration of the convection centers 
in  the tropical Pacific associated with the future ENSO 
events. Zou et  al. [2014] also found the ENSO‐forced 
Pacific–North American teleconnection pattern to 
become stronger and more eastward displaced in the 
warming projections. These are just a few examples of 
possible ways that the changing ENSO may impact a 
future warmer world.

1.6. SUMMARY

The changing properties of  the ENSO observed dur­
ing the past two decades and the recent identification of 
two distinct types of  ENSO have prompted the climate 
research community to revisit traditional views of  ENSO 
dynamics and impacts and how they may change as 

global climate changes. A better understanding of  ENSO 
diversity is important for the further development of 
models used for the prediction of  ENSO and its asso­
ciated climate extremes. One source of  uncertainty in 
climate predictions and projections is associated with 
whether or not modern climate models can realistically 
simulate both types of  ENSO and the alternation 
between them, and capture their different impacts. If  
ENSO dynamics are conclusively shown to be changing, 
the ENSO prediction models and strategies have to be 
revised to include this changing dynamic. For instance, 
successful prediction and modeling of  the ENSO in the 
recent and coming decades may depend more on a better 
understanding and improved skill in the modeling of  the 
subtropical Pacific precursors and their underlying gen­
eration mechanisms. Prediction systems based on this 
framework would be different from the prediction and 
modeling systems the climate research community has 
relied on since the 1980s and 1990s for the conventional 
ENSO that emphasize subsurface ocean dynamics in the 
equatorial Pacific. Larson and Kirtman [2014] have 
reported some skill in using the PMM to forecast ENSO 
events with the North American multimodel ensemble 
(NMME) experiments. Yang and Jiang [2014] showed 
that the National Centers for Environmental Prediction 
(NCEP) Climate Forecast System had substantial skill in 
predicting both types of  ENSO and the relationship 
between the EP ENSO and the Asian monsoon. However, 
the skill in predicting the relationship between CP ENSO 
and the monsoon is low. Nevertheless, in order to utilize 
the subtropical precursors, particularly the PMM, to 
forecast ENSO events, coupled atmosphere‐ocean mod­
els have to be able to realistically simulate the precursor 
events. Lin et al. [2014] examined 23 CMIP5 models to 
conclude that the PMM structure can be reasonably 
simulated in most of  the coupled models. However, the 
so‐called seasonal footprinting mechanism that sustains 
an equatorward extension of  the PMM is not well simu­
lated in a majority of  the CMIP5 models. Therefore, it is 
necessary to improve the subtropical Pacific coupling in 
these models in order for them to apply them success­
fully in forecasts of  ENSO occurrence. Currently, pale­
oclimate proxy records have mostly been interpreted 
from the point of  view that there is a single type of 
ENSO (EP) and one set of  conventional global impacts 
(such as precipitation) to derive the history of  ENSO. 
The view that the two types of  ENSO can produce 
distinct global teleconnection offers an additional way to 
interpret the paleoclimate proxies. A deeper understanding 
of  how the changing El Niño affects global precipitation 
may also offer different ways to interpret paleoclimate 
proxies, which may lead to a new understanding of  the 
history of  Earth’s climate and new implications for 
future climate changes.
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