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Abstract 

 The ENSO observing system in the tropical Pacific plays an important role in monitoring 

ENSO and helping improve the understanding and prediction of ENSO.  Occurrence of ENSO 

has been explained as either a self-sustained and naturally oscillatory mode of the coupled ocean-

atmosphere system or a stable mode triggered by stochastic forcing.  In either case, ENSO 

involves the positive ocean-atmosphere feedback hypothesized by Bjerknes.  After an El Niño 

reaches its mature phase, negative feedbacks are required to terminate growth of the mature El 

Niño anomalies in the central and eastern Pacific.  Four negative feedbacks have been proposed: 

reflected Kelvin waves at the ocean western boundary, a discharge process due to Sverdrup 

transport, western Pacific wind-forced Kelvin waves, and anomalous zonal advections.  These 

negative feedbacks may work together for terminating El Niño, with their relative importance 

varying with time.  Because of different locations of maximum SST anomalies and associated 

atmospheric heating, El Niño events are classified as eastern and central Pacific warming events.  

The identification of two distinct types of El Niño offers a new way to examine global impacts of 

El Niño and to consider how El Niño may respond and feedback to a changing climate.  In 

addition to interannual variations associated with ENSO, the tropical Pacific SSTs also fluctuate 

on longer timescales.  The patterns of Pacific Decadal Variability (PDV) are very similar to those 

of ENSO.  When SST anomalies are positive in the tropical eastern Pacific, they are negative to 

the west and over the central North and South Pacific, and positive over the tropical Indian 

Ocean and northeastern portions of the high-latitude Pacific Ocean.  Many mechanisms have 

been proposed for explaining PDV.  Changes in ENSO under global warming are uncertain.  

Increasing greenhouse gases changes the mean states in the tropical Pacific which in turn induce 

ENSO changes.  Due to the fact that the change in mean tropical condition under global warming 

is quite uncertain even during the past few decades, it is hard to say whether ENSO is going to 

intensify or weaken, but it is very likely that ENSO will not disappear in the future. 

 

1.  Introduction 
El Niño is a large-scale oceanic warming in the tropical Pacific Ocean that occurs every 

few years.  The Southern Oscillation is characterized by an interannual seesaw in tropical sea 

level pressure (SLP) between the western and eastern Pacific, consisting of a weakening and 

strengthening of the easterly trade winds over the tropical Pacific.  Bjerknes (1969) recognized 
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that there is a close connection between El Niño and the Southern Oscillation (ENSO) and they 

are two different aspects of the same phenomenon.  Bjerknes hypothesized that a positive ocean-

atmosphere feedback involving the Walker circulation is a cause of ENSO (The Walker 

circulation consists of the surface trade winds blowing from the east to the west across the 

tropical Pacific Ocean, the rising air in the tropical western Pacific, the upper-level winds 

blowing from the west to the east, and the sinking air returned back to the surface in the tropical 

eastern Pacific).  An initial positive sea surface temperature (SST) anomaly in the equatorial 

eastern Pacific reduces the east-west SST gradient and hence the strength of the Walker 

circulation (Gill, 1980; Lindzen and Nigam, 1987), resulting in weaker trade winds around the 

equator.  The weaker trade winds in turn drive the ocean circulation changes that further 

reinforce SST anomaly.  This positive ocean-atmosphere feedback leads the equatorial Pacific to 

a warm state, i.e., the warm phase of ENSO – El Niño.  At that time, Bjerknes did not know what 

causes a turnabout from a warm phase to a cold phase, which has been named as La Niña 

(Philander, 1990). 

After Bjerknes published his hypothesis, ENSO was not intensively studied until the 

1980s.  The intense warm episode of the 1982-83 El Niño, which was not recognized until it was 

well developed, galvanized the tropical climate research community to understand ENSO and 

ultimately predict ENSO.  This motivated the ten-year international TOGA (Tropical Ocean-

Global Atmosphere) program (1985-94) to study and predict ENSO.  TOGA successfully built 

an ENSO observing system (McPhaden et al., 1998) and greatly advanced our understanding of 

ENSO by focusing on interaction between the tropical Pacific Ocean and atmosphere [e.g., see 

ENSO overviews by Philander (1990), Neelin et al. (1998), and Wang and Picaut (2004)]. 

After TOGA, the ENSO research community focused on different types of ENSO events, 

ENSO low-frequency variability and ENSO variability under global warming.  All of these can 

change ocean temperatures in the tropical eastern Pacific which in turn affect coral reefs.  For 

example, coral reefs in the tropical eastern Pacific experienced catastrophic coral mortality 

during the 1982/83 El Niño event (e.g., Glynn, 1985).  Therefore, the understanding of ENSO-

related ocean temperature variability in the tropical eastern Pacific is very important.  This 

chapter provides a brief overview of ENSO studies.  Section 2 briefly describes observations of 

ENSO.  Section 3 reviews the understanding of ENSO mechanisms.  Section 4 summarizes the 

recent development of the central versus eastern Pacific ENSO events.  Section 5 reviews ENSO 
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low-frequency variations called Pacific decadal variability.  Section 6 discusses ENSO 

variability under global warming.  The chapter ends in Section 7 with a short summary.  

 

2.  ENSO observations 
Modern observational data associated with ENSO can go back to the late 19th century.  

Because actual observations are sparse in the tropical Pacific during early period, data sets are 

normally produced using sparse observations, models, and statistical methods.  Figure 1 shows 

ENSO indices from the beginning of the 20th century: The SST anomalies in the Nino3 region 

(150°W-90°W, 5°S-5°N) and Nino4 region (160°E-150°W, 5°S-5°N), and the zonal wind 

anomalies in the Nino4 region.  Based on Fig. 1, several points can be made.  First, the SST and 

zonal wind anomalies are highly correlated, indicating that ENSO is a coupled ocean-atmosphere 

phenomenon.  Second, these ENSO indices show an oscillatory behavior with a 3-5 year 

preferred timescale, in spite of considerable irregularity in the oscillation.  Third, ENSO events 

show asymmetry between El Niño warm events and La Niña cold events, with anomalies of El 

Niño larger than those of La Niña.  Fourth, Fig. 1b shows that the central Pacific warm events (as 

represented by the Nino4 index) occur more frequently during the last few decades (see Section 

4 for the detail).  Another feature, which cannot be clearly seen in Fig. 1, is that ENSO is phase-

locked to the seasonal cycle.  That is, ENSO events tend to mature in the boreal winter (e.g., 

Rasmusson and Carpenter, 1982). 

 The variations of the thermocline are very important in ENSO events, but measurements of 

subsurface ocean temperature have been very sparse in the past.  One of accomplishments for 

TOGA program was to build an ENSO observing system in the tropical Pacific Ocean.  The 

backbone of the ENSO observing system is now called the TAO/TRITON array of about 70 

moored buoys (Hayes et al., 1991; McPhaden, 1995) which is now supported and maintained by 

the U. S. and Japan.  Most of them are equipped with a 500-m thermistor chain and 

meteorological sensors.  At the equator five to seven moorings are equipped with ADCP 

(Acoustic Doppler Current Profiler) and current meters (McPhaden et al., 1998).  Success of 

moored arrays in the tropical Pacific Ocean led to subsequent deployment of similar buoys in the 

tropical Atlantic and Indian Oceans (Fig. 2).  The observed data are transmitted via satellites to 

data centers where they are compiled and made available to researchers and forecast centers in 

near-real time.   
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 The evolution of El Niño and La Niña can be seen in the SST, zonal wind, and 20°C 

isotherm depth (a proxy for thermocline depth) anomalies of the TAO/TRITON array data along 

the equator.  Here we use the 1997/98 El Niño event to demonstrate the evolution of the eastern 

Pacific warm event (see Section 4 for the detail of difference between the eastern and central 

Pacific warm events).  The TAO/TRITON moored data in Fig. 3 show that there is a close 

relationship among zonal wind anomalies, SST anomalies and thermocline depth anomalies.  The 

importance of subsurface variation is clearly seen.  Even one year in advance of the maximum 

surface warming, the precursor of El Niño is visible subsurface in the western Pacific (with 

positive thermocline anomalies) associated with westerly wind anomalies.  The depression of the 

thermocline extends slowly from the west to the east along the equator.  When warm subsurface 

temperature anomalies caused by the thermocline deepening reach the east, they are carried by 

equatorial upwelling to the surface.  Once SST becomes anomalously warm, the Bjerknes 

feedback begins.  The westerly wind anomalies in the central Pacific cause the eastern Pacific 

thermocline to deepen further, inducing additional warming.  However, when the surface water is 

warm in the eastern Pacific, the shallower thermocline is seen as subsurface cold anomalies in 

the western Pacific (Fig. 3).  Even during the development of an El Niño event, the seeds of its 

destruction are being sown in the western Pacific.  The eastward extension of the subsurface cold 

anomalies brings the gradual erosion of the surface warm anomalies.  This initiates a reversal of 

the chain of the Bjerknes feedback, which acts to drive the coupled system into a La Niña event. 

 

3.  ENSO mechanisms 

The theoretical explanations of ENSO can be loosely grouped into two frameworks.  

First, El Niño is one phase of a self-sustained, unstable, and naturally oscillatory mode of the 

coupled ocean-atmosphere system.  Second, El Niño is a stable (or damped) mode triggered by 

or interacted with stochastic forcing or noise such as westerly wind bursts and Madden-Julian 

Oscillation events (e.g., Gebbie et al., 2007) and the tropical instability waves in the eastern 

Pacific Ocean (e.g., An, 2008).  In either framework, ENSO involves the positive ocean-

atmosphere feedback of Bjerknes (1969).  The early idea of Wyrtki’s (1975) sea level “buildup” 

in the western Pacific warm pool treats El Niño as an isolated event.  Wyrtki suggested that prior 

to El Niño, the easterly trade winds strengthened, and there was a “buildup” in sea level in the 

western Pacific warm pool.  A “trigger” is a rapid collapse of the easterly trade winds.  When 
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this happens, the accumulated warm water in the western Pacific would surge eastward in the 

form of equatorial downwelling Kelvin waves to initiate an El Niño event.   

 

3.1. Self-sustained oscillators of ENSO 

Bjerknes (1969) first hypothesized that interaction between the atmosphere and the 

equatorial eastern Pacific Ocean causes El Niño.  In Bjerknes’ view, an initial positive SST 

anomaly in the equatorial eastern Pacific reduces the east-west SST gradient and hence the 

strength of the Walker circulation, resulting in weaker trade winds around the equator.  The 

weaker trade winds in turn drive the ocean circulation changes that further reinforce the SST 

anomaly.  This positive ocean-atmosphere feedback leads the equatorial Pacific to a never-

ending warm state.  A negative feedback is needed to turn the coupled ocean-atmosphere system 

around.  However, during that time, it was not known what causes a turnabout from a warm 

phase to a cold phase.  In search of necessary negative feedbacks for the coupled system, four 

conceptual ENSO oscillator models have been proposed: the delayed oscillator (Suarez and 

Schopf, 1988; Battisti and Hirst, 1989), the recharge oscillator (Jin, 1997a, b), the western 

Pacific oscillator (Weisberg and Wang, 1997; Wang et al., 1999), and the advective-reflective 

oscillator (Picaut et al., 1997).  These oscillator models respectively emphasized the negative 

feedbacks of reflected Kelvin waves at the ocean western boundary, a discharge process due to 

Sverdrup transport, western Pacific wind-forced Kelvin waves, and anomalous zonal advection. 

These negative feedbacks may work together for terminating El Niño warming, as suggested by 

the unified oscillator (Wang, 2001).  

 

3.1.1. The delayed oscillator 

Suarez and Schopf (1988) introduced the conceptual delayed oscillator as a candidate 

mechanism for ENSO, by considering the effects of equatorially trapped oceanic wave 

propagation.  Based on the coupled ocean-atmosphere model of Zebiak and Cane (1987), Battisti 

and Hirst (1989) formulated and derived a version of the Suarez and Schopf (1988) conceptual 

delayed oscillator model and argued that this delayed oscillator model could account for 

important aspects of the numerical model of Zebiak and Cane (1987).  The positive ocean-

atmosphere feedback occurs in the equatorial eastern Pacific, leading the Nino3 SST anomaly to 

a warm state.  The delayed negative feedback is by free Rossby waves generated in the eastern 
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Pacific coupling region that propagate to and reflect from the ocean western boundary, returning 

as Kelvin waves to reverse the Nino3 SST anomalies in the eastern Pacific coupling region.  The 

delayed oscillator assumes that the western Pacific is an inactive region for air-sea interaction 

and that ocean eastern boundary wave reflection is unimportant, emphasizing the importance of 

wave reflection at the ocean western boundary.  

 

3.1.2. The recharge oscillator 

Wyrtki (1975, 1985) first suggested a buildup in the western Pacific of warm water as a 

necessary precondition to the development of El Niño.  Prior to El Niño upper ocean heat content 

or warm water volume over the entire tropical Pacific tends to build up (or charge) gradually, 

and during El Niño warm water is flushed toward (or discharged to) higher latitudes.  After the 

discharge, the tropical Pacific becomes cold (La Niña) and then warm water slowly builds up 

again (recharge) before occurrence of next El Niño.  The concept of the recharge and discharge 

processes is further emphasized by Jin (1997a, b).  Based on the coupled model of Zebiak and 

Cane (1987), Jin (1997a, b) formulated and derived the recharge oscillator model.  During the 

warm phase of ENSO, the divergence of Sverdrup transport associated with equatorial central 

Pacific westerly wind anomalies and equatorial eastern Pacific warm SST anomalies results in 

the discharge of equatorial heat content.  The discharge of equatorial heat content leads to a 

transition phase in which the entire equatorial Pacific thermocline depth is anomalously shallow 

due to the discharge of equatorial heat content.  This anomalous shallow thermocline at the 

transition phase allows anomalous cold waters to be pumped into the surface layer by 

climatological upwelling, leading to the cold phase.  The converse occurs during the cold phase 

of ENSO.  It is the recharge-discharge process that makes the coupled ocean-atmosphere system 

oscillate on interannual time scales.  

 

3.1.3. The western Pacific oscillator 

Observations show that ENSO displays both eastern and western Pacific interannual 

anomaly patterns (e.g., Rasmusson and Carpenter, 1982; Wang et al., 1999; Wang and Weisberg, 

2000).  During the warm phase of ENSO, warm SST anomalies in the equatorial eastern Pacific 

are accompanied by cold SST and shallow thermocline depth anomalies in the off-equatorial 

western Pacific.  Also, while the zonal wind anomalies over the equatorial central Pacific are 
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westerly, those over the equatorial western Pacific are easterly.  Consistent with these 

observations, Weisberg and Wang (1997) and Wang et al. (1999) developed a conceptual 

western Pacific oscillator model for ENSO.  This model emphasizes the role of the western 

Pacific in ENSO that had been overlooked in the delayed oscillator.  In particular, off-equatorial 

SST anomalies (and off-equatorial anomalous anticyclones) in the western Pacific induce 

equatorial western Pacific wind anomalies that affect the evolution of ENSO.  Condensation 

heating due to convection in the equatorial central Pacific (e.g., Deser and Wallace, 1990) 

induces a pair of off-equatorial cyclones with westerly wind anomalies on the equator.  These 

equatorial westerly wind anomalies act to deepen the thermocline and increase SST in the 

equatorial eastern Pacific, thereby providing a positive feedback for anomaly growth.  On the 

other hand, the off-equatorial cyclones raise the thermocline there via Ekman pumping.  Thus, a 

shallow off-equatorial thermocline anomaly expands over the western Pacific leading to a 

decrease in SST and an increase in SLP in the off-equatorial western Pacific (Wang et al., 1999; 

Wang, 2000).  During the mature phase of El Niño, the off-equatorial anomalous anticyclones 

initiate equatorial easterly wind anomalies in the western Pacific.  These equatorial easterly wind 

anomalies cause upwelling and cooling that proceed eastward as a forced ocean response 

providing a negative feedback, allowing the coupled ocean-atmosphere system to oscillate.  

 

3.1.4. The advective-reflective oscillator 

Picaut et al. (1997) proposed a conceptual advective-reflective oscillator model for 

ENSO.  In this conceptual model, they emphasize a positive feedback of zonal currents that 

advect the western Pacific warm pool toward the east during El Niño.  Three negative feedbacks 

tending to push the warm pool back to its original position of the western Pacific are: anomalous 

zonal current associated with wave reflection at the western boundary, anomalous zonal current 

associated with wave reflection at the eastern boundary, and mean zonal current converging at 

the eastern edge of the warm pool.  During the warm phase of ENSO, equatorial westerly wind 

anomalies in the central Pacific produce upwelling Rossby and downwelling Kelvin waves that 

propagate westward and eastward, respectively.  The westward propagating upwelling Rossby 

waves reflect as upwelling Kelvin waves after they reach the western boundary, whereas the 

eastward propagating downwelling Kelvin waves reflect as downwelling Rossby waves at the 

eastern boundary.  Since both the upwelling Kelvin and downwelling Rossby waves have 
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westward zonal currents, they tend to push the warm pool back to its original position in the 

western Pacific.  These negative feedbacks, along with the negative feedback of the mean zonal 

current, force the coupled ocean-atmosphere system to oscillate.  

 

3.1.5. The unified oscillator 

 With several different conceptual oscillator models capable of producing ENSO-like 

oscillations, more than one may operate in nature.  Motivated by existence of the above oscillator 

models, Wang (2001) formulated and derived a unified ENSO oscillator model from the 

dynamics and thermodynamics of the coupled ocean-atmosphere system that is similar to the 

Zebiak and Cane (1987) coupled model.  Since ENSO is observed to show both eastern and 

western Pacific anomaly patterns, this oscillator model is formulated and constructed to consider 

SST anomalies in the equatorial eastern Pacific, zonal wind stress anomalies in the equatorial 

central Pacific, thermocline depth anomalies in the off-equatorial western Pacific, and zonal 

wind stress anomalies in the equatorial western Pacific.  This model can oscillate on interannual 

timescales.  The unified oscillator includes the physics of all oscillator models discussed above.  

All of the above ENSO oscillator models are special cases of the unified oscillator.  As suggested 

by the unified oscillator, ENSO is a multi-mechanism phenomenon [see Picaut et al. (2002) for 

observations of different ENSO mechanisms] and the relative importance of different 

mechanisms is time-dependent. 

 

3.2. A stable mode triggered by stochastic forcing 

 Another view of ENSO is that El Niños are a series of discrete warm events punctuating 

periods of neutral or cold conditions (La Niñas).  That is, ENSO can be characterized as a stable 

(or damped) mode triggered by stochastic atmospheric/oceanic forcing (e.g., Lau, 1985; 

Pendland and Sardeshmukh, 1995; Moore and Kleeman, 1999; Philander and Fedorov, 2003; 

Kessler, 2003).  This hypothesis proposes that disturbances external to the coupled system are 

the source of random forcing that drives ENSO.  An attractive feature of this hypothesis is that it 

offers a natural explanation in terms of noise for the irregular behavior of ENSO variability.  

Since this view of ENSO requires the presence of “noise”, it easily explains why each El Niño is 

distinct and El Niño is so difficult to predict (e.g., Landsea and Knaff, 2000; Philander and 

Fedorov, 2003).  The external atmospheric forcing may include the Madden-Julian Oscillation 
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and westerly wind bursts (e.g., Gebbie et al., 2007), and the oceanic noise may involve the 

tropical instability waves (e.g., An, 2008). 

 No matter whether El Niño is a self-sustained oscillator or a stable mode triggered by 

stochastic forcing, El Niño begins with warm SST anomalies in the equatorial central and eastern 

Pacific.  After an El Niño reaches its mature phase, negative feedbacks are required to terminate 

growth of the mature El Niño anomalies in the central and eastern Pacific.  In other words, the 

negative feedbacks of the delayed oscillator, the recharge oscillator, the western Pacific 

oscillator, and the advective-reflective oscillator may be still valid for demise of an El Niño, 

even if El Niño is regarded as a stable mode triggered by stochastic forcing.  As discussed by 

Mantua and Battistti (1994), a sequence of independent warm events can still be consistent with 

delayed oscillator physics, since the termination of an individual El Niño event still requires 

negative feedback that can be provided by wave reflection at the western boundary.  

 

4.  Different flavors of ENSO events 

 It has been increasingly recognized that at least two different flavors or types of ENSO 

occur in the tropical Pacific (e.g., Wang and Weisberg, 2000; Trenberth and Stepaniak, 2001; 

Larkin and Harrison, 2005; Yu and Kao, 2007; Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 

2009).  The two types of ENSO are the Eastern-Pacific (EP) type that has maximum SST 

anomalies centered over the eastern tropical Pacific cold tongue region, and the Central-Pacific 

(CP) type that has the anomalies near the International Date Line (Yu and Kao, 2007; Kao and 

Yu, 2009).  The CP El Niño is also referred to as Date Line El Niño (Larkin and Harrison, 2005), 

El Niño Modoki (Ashok et al., 2007), or Warm Pool El Niño (Kug et al., 2009).  As the central 

location of ENSO shifts, different influences or signatures may be produced in the eastern 

Pacific and corals.  Therefore, it is important to know how these two types of ENSO differ in 

their structures, evolution, underlying dynamics, and global impacts. 

 

4.1. Spatial structure and evolution of the Central-Pacific El Niño 

 The 1977/78 event is a typical example of the CP El Niño (Fig. 4b).  During this El Niño, 

SST anomalies are mostly concentrated in the equatorial central Pacific from 160ºE to 120ºW, 

covering the Nino3.4 and Nino4 regions.  In contrast, during the 1997/98 El Niño (Fig. 4a), 

which is a typical EP El Niño event, SST anomalies are mostly located in eastern part of the 
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tropical Pacific, extending from the South American coast around 80ºW to 160ºW and covering 

the Nino1+2 and Nino3 regions.  Three distinct statistical methods have been used to identify the 

typical SST anomaly patterns of the EP and CP types of ENSO, including the standard Empirical 

Orthogonal Function (EOF) analysis of Ashok et al. (2007), the regression-EOF method of Kao 

and Yu (2009), and the composite analysis of Kug et al. (2009).  The spatial patterns obtained by 

all three methods (Figs. 4c-h) for the two types of ENSO are similar.  In particular, the CP ENSO 

patterns obtained by all three methods exhibit a poleward extension of SST anomalies from the 

central Pacific into both the northern and southern subtropics.  The connection to the northern 

subtropics seems to be stronger, and the SST anomalies in the subtropical northeastern Pacific 

precede those in the equatorial central Pacific (Fig. 5).  In addition, the propagating feature of the 

SST anomalies is weaker and less clear in the CP type of ENSO than in the EP type of ENSO.  

Below the ocean surface, while the EP ENSO is known to be characterized by subsurface 

temperature anomalies propagating across the Pacific basin (Fig. 3) similar to those described by 

the delayed oscillator theory of ENSO (Battisti and Hirst, 1989 and Schopf and Suarez, 1988), 

the CP ENSO is found to be associated more with subsurface ocean temperature anomalies that 

develop in-situ in the central Pacific (Fig. 6).  The different subsurface evolution indicates that, 

in contrast to the EP ENSO, the underlying dynamics of the CP ENSO seems to be less 

dependent on thermocline variations (Kao and Yu, 2009; Kug et al., 2009). 

 In the atmosphere, wind stress and precipitation anomaly patterns associated with these two 

types of ENSO are also different.  While the EP El Niño is associated with significant westerly 

anomalies covering a large part of the tropical Pacific, the westerly anomalies associated with the 

CP El Niño have a smaller spatial scale and are centered in the equatorial central-to-western 

Pacific (Kao and Yu, 2009; Kug et al., 2009).  This more westward location of the westerly 

anomalies in the CP El Niño is consistent with the location of its SST anomalies.  Significant 

easterly anomalies also appear over the tropical eastern Pacific during the CP El Niño.  In terms 

of precipitation, positive anomalies associated with the EP El Niño typically extend from the 

equatorial eastern to central Pacific where the largest SST anomalies are located.  For the CP El 

Niño, the precipitation anomalies are characterized by a dipole pattern, 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 of these two types of ENSO imply 
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that the associated convective heating locations and the mid-latitude teleconnections could be 

different as well. 

 Several methods have been proposed to identify the two types of ENSO, which include 

using SST or subsurface ocean temperature information.  Although there are some 

inconsistencies among the events identified by these various methods, there are several events 

commonly identified as the CP type by these methods, which include the following major El 

Niño events that have occurred since 1960s: 1968-69, 1977-78, 1986-87, 1991-92, 1994-95, 

2002-03, 2004-05, and 2009-10.  The 2009-10 El Niño is known to be one of the strongest CP El 

Niño events in the recent decades (Lee and McPhaden, 2010).  This list reveals a tendency for 

the CP El Niño to occur more often in the recent decades (Ashok et al., 2007; Kao and Yu, 2009; 

Kug et al., 2009; Lee and McPhaden, 2010).  It is interesting to note that at least three of the four 

El Niño events in the 21st  century (i.e., the 2002/03, 2004/05, and 2009/10 events) have been of 

the CP type.  Yeh et al. (2009) compared the ratio of the CP to EP type of El Niño events in 

Coupled Model Intercomparison Project phase 3 (CMIP3) model simulations and noticed that the 

ratio is projected to increase under a global warming scenario.  They argued that the recent 

increase in the occurrence of the CP El Niño is related to a weakening of the mean Walker 

circulation and a flattening of the mean thermocline in the equatorial Pacific, which might be a 

result of global warming (Vecchi et al., 2007).  However, it was also argued that the increasing 

occurrence of the CP El Niño in recent decades could be an expression of natural multidecadal 

variability and not necessarily a consequence of anthropogenic forcing (Newmann et al., 2011; 

McPhaden et al., 2011). 

 

4.2. Dynamics of the Central-Pacific El Niño 

 A specific generation mechanism for the CP ENSO has yet to be fully agreed upon, and 

there are ongoing debates as to whether the CP ENSO should be considered as completely 

different entity from the EP ENSO or simply a different expression of the same EP ENSO 

dynamics.  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 easterly 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 downwelling Kelvin waves propagating eastward and the equatorial easterly 
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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 enhancing 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 central Pacific 

warming.  A mixed-layer heat budget analysis performed by Yu et al. (2010) also concluded that 

the SST anomalies of the CP ENSO undergo rapid intensification through ocean advection 

processes.  However, they argued that the initial establishment of the SST anomalies in the 

central equatorial Pacific is related to forcing from the extratropical atmosphere and subsequent 

atmosphere-ocean coupling in the subtropics.  They suggested that SST anomalies appear first in 

the northeastern subtropical Pacific and later spread toward the central equatorial Pacific.  The 

specific coupling processes in the subtropics responsible for the equatorward spreading are 

similar to those depicted by the seasonal footprinting mechanism (Vimont et al., 2001, 2003, 

2009).  This mechanism explains how wintertime mid-latitude atmospheric variations can force 

subtropical SST anomalies, sustain them from winter to the next summer, and at the same time 

spread them toward the central-to-western equatorial Pacific. 

 

4.3. Distinct climate impacts of the Central-Pacific ENSO 
 The atmospheric response to SST anomalies can be sensitive to their exact location (e.g., Mo 

and Higgins, 1998; Hoerling and Kumar, 2002; Alexander et al., 2002; Basugli and 

Sardeshmukh, 2002; DeWeaver and Nigam, 2004).  Several studies have indicated that the 

impacts of the CP ENSO could be distinctly different from those of the EP ENSO.  For example, 

the impact of the CP ENSO on the U. S. winter temperatures has been found to be characterized 

by the well-known north-south dipole pattern associated with the EP ENSO but characterized by 

an east-west dipole pattern for the CP ENSO (Mo, 2010).  The western North Pacific summer 

monsoon has a stronger relationship with the CP ENSO than the EP ENSO (Weng et al., 2011), 

and rainfall variations in southern China are different for the two types of ENSO (e.g., Feng and 

Li, 2011; Zhang et al., 2011).  Australian rainfall has also been suggested to be more sensitive to 

the CP type than to the EP type of ENSO (Wang and Hendon, 2007; Taschetto and England, 
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2009).  The results shown in Kumar et al. (2006) also imply that the CP El Niño can reduce the 

Indian monsoon rainfall more effectively than the EP El Niño.  In the Southern Hemisphere, the 

CP ENSO has been shown to have a stronger impact on storm track activity than the EP ENSO 

(Ashok et al., 2007).  The 2009 CP El Niño event was argued to have an influence far south as to 

contribute to the melting of Antarctica ice by inducing a stationary anticyclone outside the polar 

continent and enhancing the eddy heat flux into the region (T. Lee et al., 2010).  The influence of 

the CP El Niño on Atlantic hurricanes may also be different from the conventional EP El Niño 

(Kim et al., 2009), but it has been shown that the anomalous atmospheric circulation in the 

hurricane main development region during the CP El Niño is similar to that during the EP El 

Niño (S.-K. Lee et al., 2010).  Opposite impacts were noticed for the tropical cyclone activity in 

the western Pacific: the tropical cyclone frequency in the South China Sea increases during CP 

El Niño years but decreases during EP El Niño years (Chen, 2011).  These distinctly climate 

impacts of the EP and CP ENSOs imply that they may leave different signatures in paleoclimate 

proxies worldwide including corals, which needs to be explored. 

 

5.  Pacific decadal variability 

 In addition to year-to-year variations associated with the ENSO phenomenon, SSTs in the 

tropical Pacific also fluctuate on timescales of decades and longer (e.g., Mantua et al., 1997; 

Zhang et al., 1997; Power et al., 1999; Deser et al., 2004; Guan and Nigam, 2008).  These 

tropical Pacific decadal SST variations, henceforth referred to as “Pacific Decadal Variability” 

or PDV (also called the Pacific Decadal Oscillation, or PDO in the literature), are organized into 

large-scale spatial patterns with linkages to other ocean basins and to other climate parameters 

such as rainfall, wind, and cloudiness.  In this section, we describe the geographical distribution 

and temporal characteristics of PDV, and discuss the mechanisms which contribute to PDV. 

 

5.1. Geographical and temporal characteristics of PDV 

 Figure 7 shows maps of the standard deviation (σSST) of SST fluctuations on timescales 

less than 8 years (referred to as interannual) and greater than 8 years (referred to as decadal) 

based on the Hadley Centre Sea Ice and SST version 1 (HadISST1) dataset (Rayner et al., 2003) 

for the period of 1900-2010.  Similar results are also obtained with other data sets (not shown).  

Prior to computing the σSST, the mean seasonal cycle was removed by subtracting the long-term 
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monthly means from each month and the trend was removed using a quadratic fit to the time 

series.  The largest values of interannual σSST (exceeding 1°C) occur along the equatorial 

Pacific and coastal Peruvian upwelling zones, with additional prominent maxima along the Gulf 

Stream, Kuroshio Current and coastal Argentina.  The same regions exhibit high values of 

decadal σSST but with weaker amplitude (0.4°-0.6°C).  Notably, the contrast between minimum 

and maximum values of σSST is much less on decadal timescales compared to interannual, 

especially within the tropics.  The ratio of decadal σSST to interannual σSST (the top panel of 

Fig. 7) reveals that decadal variability is comparable in magnitude to interannual variability 

throughout much of the tropical Pacific, except along the eastern equatorial upwelling zone 

where it is considerably weaker.  Thus, decadal SST fluctuations are more readily apparent 

outside of the canonical ENSO region (often termed the Nino3.4 region). 

 To further illustrate this point, we show a sequence of SST time series for selected regions in 

the tropical Indo-Pacific arranged from the east to west (Fig. 8).  The top panel shows the 

canonical ENSO region, and the remaining panels show regions where the ratio of decadal-to-

interannual variability is a maximum (regions are outlined in Fig. 7 and latitude/longitude 

boundaries are given in the figure caption).  The bottom panel shows the canonical PDV region 

in the central North Pacific (see Mantua et al., 1997).  Unfiltered monthly SST anomalies are 

displayed as colored bars and low-pass filtered anomalies are shown as black curves; all time 

series have been quadratically detrended. 

 The regional SST records exhibit similarities and differences.  Interannual fluctuations 

associated with ENSO are most readily evident in the eastern equatorial Pacific index, but also 

appear in the other records, albeit less prominently due to the enhanced low-frequency 

variability.  Decadal and longer timescale fluctuations are most apparent in the central North 

Pacific and tropical Indian Ocean indices (note that these have opposite sign), but similar 

behavior is evident in the other records.  These low-frequency variations are characterized by 

relatively cold conditions during approximately 1910-1925 and 1947-1976, and by relatively 

warm conditions during approximately 1926-1945 and 1977-1998; however, the exact timing of 

the warm and cold intervals varies with region (similar epochs are evident in the central North 

Pacific record but with opposite sign).  In addition to these inter-decadal variations, shorter 

decadal-scale fluctuations are evident, especially in the northeastern Pacific and western 

equatorial Pacific indices but also in the other records to varying degrees.  For example, the 
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1947-1976 cold epoch is punctuated by a warm interval in the 1960s, and the 1925-1946 warm 

epoch is interrupted by a cold interval in the 1930s.  The time series shown in Fig. 8 illustrate the 

complex nature of low-frequency SST variations at a particular location, and highlight that some 

aspects of decadal variability are common to all regions while others are unique to a particular 

area. 

 EOF analysis (e.g., von Storch and Zwiers, 1999) is a standard statistical technique used to 

identify preferred patterns of temporal variability.  Figure 9 shows the global SST anomaly 

pattern associated with the leading EOF of SST anomalies over the tropical Indo-Pacific (20°E-

80°W, 30°N-30°S) based on unfiltered data (left) and 8-year low-pass filtered data (right).  As 

before, results are based on quadratically detrended monthly anomalies from the HadISST1 

dataset during 1900-2010.  Although the EOF calculation was restricted to the tropical Indo-

Pacific domain, the patterns are displayed globally by regressing the detrended monthly SST 

anomalies at each location upon the associated PC time series.  These regression maps display 

the amplitude of the SST anomalies (°C) associated with a one standard deviation departure of 

the PC time series. 

 The EOF based on unfiltered data depicts ENSO and its global SST teleconnections, while 

that based on low-pass filtered data represents PDV (e.g., Mantua et al., 1997; Zhang et al., 

1997; Power et al., 1999).  These EOFs account for 49% and 52% of the unfiltered and low-pass 

filtered variance, respectively; compared to EOF2, which accounts for 10% and 13%, 

respectively).  The ENSO and PDV patterns are very similar, not only over the tropical Indo-

Pacific but also globally.  In particular, when SST anomalies are positive in the tropical eastern 

Pacific, they are negative to the west and over the central North and South Pacific, and positive 

over the tropical Indian Ocean and northeastern portions of the high-latitude Pacific Ocean.  The 

primary difference between the PDV and ENSO patterns is that PDV lacks the narrow equatorial 

Pacific maximum that is the hallmark of ENSO.  For this reason, PDV is often referred to as a 

“broadened ENSO pattern” (e.g., Zhang et al., 1997; Vimont, 2005).  It may also be noted that 

PDV resembles the areas of maximum decadal σSST (recall Fig. 7).  The unfiltered PC time 

series (colored bars in the bottom panel of Fig. 9) is dominated by the interannual sequence of 

ENSO events, while the low-pass filtered PC (black curve) highlights the decadal variability in 

the unfiltered PC.  This decadal variability is similar to that described in connection with the 

regional SST time series shown in Fig. 8.  However, the decadal PC record should not be 
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mistaken for the actual SST time series at a given location, which often shows more complex 

behavior (Fig. 8).  Nor should the EOF pattern be assumed to represent the actual spatial 

distribution of SST anomalies during a given warm epoch (such as 1926-1945 and 1977-1998) or 

cold epoch (such as 1910-1925 and 1947-1976) due to additional sources of variability as 

documented in Deser et al. (2004).  By design, EOF analysis oversimplifies the actual spatial and 

temporal characteristics of the data. 

 Rainfall patterns are affected by ENSO and PDV, as shown by the regression maps of 

monthly precipitation anomalies upon the SST PC time series based on unfiltered and low-pass 

filtered data in Fig. 10 (left and right panels, respectively).  The top panels show results based 

upon the globally-complete but short satellite record since 1979 from the Global Precipitation 

Climatology Project (GPCP; Adler et al., 2003), and the bottom panels show results based upon 

the spatially-incomplete but longer (1900-1998) land station data records (Hulme et al., 1998).  

There is remarkable consistency between the two types of rainfall data where they overlap in 

space, lending confidence to the results.  As for SST, the patterns of rainfall anomalies associated 

with ENSO and PDV are generally similar and consist of positive anomalies in the equatorial 

Pacific and negative anomalies over the maritime continent and the southwestern tropical 

Pacific.  Smaller amplitudes of positive and negative rainfall anomalies occur in the eastern 

Indian Ocean and western tropical Atlantic, respectively.  Regional precipitation time series 

since 1900 are shown in Deser et al. (2004). 

 

5.2. Mechanisms of PDV 

 There is much ambiguity regarding the physical origin of PDV and whether it is separable 

from ENSO.  Some studies suggest that PDV, unlike ENSO, is not a single physical phenomenon 

or “mode”, but a superposition of several phenomena including ENSO, random atmospheric 

variability, and oceanic processes (e.g., Newman et al., 2003; Vimont, 2005; Schneider and 

Cornuelle, 2005; Newman, 2007; Alexander, 2010).  Others indicate that PDV is the result of 

deterministic ocean-atmosphere interactions between the tropical Indo-Pacific and higher 

latitudes of the Pacific Ocean that produce a preferred timescale, although the mechanisms put 

forth differ in terms of which latitudinal region is key [see the recent review of Liu (2012)].  

Some research suggests that there is no preferred timescale for PDV, proposing instead that it 

reflects a first-order autoregressive (or “red noise”) process that is stochastically driven from 
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either the extratropical Pacific, the tropical Pacific, or both (Pierce, 2001; Dommenget and Latif, 

2008; Dommenget, 2010; Clement et al., 2011).  In this view, the limited temporal record from 

the instrumental data (~100-150 years) is not sufficient to provide robust evidence of a spectral 

peak in the power spectrum, although nominal timescales of about 20 and 50 years have been 

proposed (Minobe, 1997, 1999; Deser et al., 2004).  Indeed, attempts at reconstructing PDV from 

a variety of paleoclimate proxy records fail to show a robust timescale before the instrumental 

era (e.g., Biondi et al., 2001; D’Arrigo et al., 2005).  Perhaps the most important message 

emerging from studies of PDV is that analysis techniques that pre-suppose a particular timescale 

for PDV through band-pass or low-pass filtering may not be isolating any underlying physical 

phenomenon but simply sampling a continuum of low-frequency variability, albeit with a well-

defined geographical pattern.  This cautionary message does not preclude the importance of 

reconstructing PDV back in time from paleoclimate proxy records, but it may alter the 

interpretation of such reconstructions. 

 PDV as defined in this chapter is only one measure of low-frequency SST variability in the 

Pacific sector.  Other recurring patterns include the “North Pacific mode” (Deser and Blackmon 

1995; Nakamura et al., 1997; Barlow et al., 2001; Guan and Nigam, 2008), which is closely 

related to PDV albeit with less amplitude in the tropical Indo-Pacific, and a “North Pacific Gyre 

Oscillation mode” with connections to the central equatorial Pacific (Di Lorenzo et al., 2008).  

Recently, Messie and Chavez (2011) have suggested that PDV is a combination of the ENSO 

and North Pacific modes.  Like PDV, whether these patterns are true physical modes is not well 

understood.  PDV is generally poorly represented in coupled ocean-atmosphere climate models, 

particularly in terms of linkages between the tropics and extratropics (Lienert et al., 2011; Deser 

et al., 2012). 

 PDV and ENSO share many common features such as the spatial patterns although it is 

premature to state that PDV is oscillatory in nature.  Not surprisingly, their mechanisms may also 

have some similarities.  As summarized in Section 3, many oscillator concepts have been 

proposed for the oscillatory and self-sustained nature of ENSO.  Several authors have extended 

three oscillator concepts of ENSO to explain the decadal variability in the tropical Pacific.  Off-

equatorial Rossby waves are at the root of the modified delayed action oscillator of White et al. 

(2003) and the recharge oscillator of Jin (2001a).  Yu and Boer (2004) note the resemblance of 
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the ENSO western Pacific oscillator of Weisberg and Wang (1997) with their findings on 

decadal variability and heat content anomalies in the western North and South Pacific.   

 

6.  ENSO under global warming 

 The summary and discussion in the previous sections are all focused on studies based on 

modern data and models.  In this section, we briefly describe ENSO from the point of views of 

global warming and paleoclimatic records. 

 

6.1. Climate response of the equatorial Pacific to global warming 

 Paleoclimatic records suggest that the strong east-west SST contrast of the annual-mean 

conditions in the equatorial Pacific may not be a stable and permanent feature.  Average SST 

contrast across the equatorial Pacific was about 2°C, much like during a modern El Niño event 

(Wara et al., 2005) and during the warm early Pliocene (~4.5 to 3.0 million years ago).  This 

mean state may have occurred during the most recent interval with a climate warmer than today, 

suggesting that the equatorial Pacific could undergo similar changes as the Earth’s warms up in 

response to increasing greenhouse gases.   

 Competing theories anticipate either a stronger or weaker east-west SST contrast in response 

to warming.  The eastern Pacific would warm up more due to cloud feedbacks (Meehl and 

Washington, 1996), evaporation feedbacks (Knutson and Manabe, 1995), or a weakening of the 

Walker circulation (Vecchi and Soden, 2007).  But, the ocean could also oppose warming in the 

east because increased stratification enhances the cooling effect of upwelling (Clement et al., 

1996; Seager and Murtugudde, 1997).  The balance between these processes is not known, 

therefore it is unclear whether the SST gradient will strengthen or weaken in the future.  For 

instance, the SST signature of these mechanisms has been difficult to detect in the simulations, 

modern observations, or proxies.  Modern observations do not show a robust pattern of El Niño-

like warming (Vecchi et al., 2008; Deser et al., 2010) (Fig. 11), despite evidence for a weakening 

of tropical atmospheric circulation (Vecchi et al., 2006; Zhang and Song, 2006).  However, there 

is robust evidence for warming of the eastern equatorial Pacific during the 20th Century (Bunge 

and Clarke, 2009).  The tropical eastern Pacific SST trend may be also caused by the Atlantic 

warming (Kucharski et al., 2011) through the mechanisms of the Walker circulation across 
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equatorial South America or inter-basin SST gradient and ocean dynamics (Wang, 2006; Wang 

et al., 2009; Rodriguez-Fonseca et al., 2009). 

 Climate models project a weak reduction of the SST gradient into the 21st century (Knutson 

and Manabe, 1995; Collins et al., 2005; Meehl et al., 2007).  The lack of robust evidence for El 

Niño-like warming in models and observations could be due to cancellation among the 

mechanisms listed above, especially among the enhanced warming due to slower currents driven 

by a weaker Walker circulation and the enhanced cooling due to a more stratified ocean 

(DiNezio et al., 2009).  Moreover, due to basic equatorial dynamics the adjustment of the 

thermocline to changes in the trade winds renders the Bjerknes feedback ineffective to amplify 

an initial El Niño-like warming (DiNezio et al., 2010; Clarke, 2010).  For these reasons, a 

“permanent El Niño” in response to global warming is very unlikely, even if the Walker 

circulation weakens.  Instead, climate models indicate that the equatorial Pacific may just warm 

up slightly more that the tropics (Fig. 12) due to the effect of the weakening of the Walker 

circulation on equatorial currents and a differential in evaporative damping with the off-

equatorial tropics (Liu et al., 2006; DiNezio et al., 2009). 

 

6.2. Sensitivity of ENSO to global warming 

 Paleoclimate records and climate models overwhelmingly indicate that the Pacific will 

continue to be characterized by large seasonal and interannual variability as the Earth warms up.  

Seasonally-resolved tropical Pacific paleoclimate records from periods in the Earth’s history that 

were both warmer and colder than today show that interannual variability was present.  Available 

Pliocene records, for example, show that ENSO frequency and amplitude were not significantly 

different from today (Watanabe et al., 2011; Scroxton et al., 2011).  Moreover, glacial climate 

also exhibited large seasonal and interannual variability as suggested by isotopic measurements 

on individual forams at the Last Glacial Maximum (Koutavas and Joanidis, 2009), and coral 

records from prior glacial stages (Tudhope et al., 2001).  No climate models have thus far been 

able to render ENSO inactive in either warmer (Huber and Caballero, 2003; Galeotti et al., 2010, 

von der Heydt et al., 2011) or cooler climates (Zheng et al., 2008). 

 Neither climate models and observations nor proxies provide a conclusive answer on 

whether ENSO is going to become stronger or weaker as the tropics warm up in response to 

increasing greenhouse gases (GHGs).  Climate change simulations coordinated by the CMIP3 
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simulate a wide range of responses from weaker to stronger.  Whether ENSO has changed due to 

recent observed warming is also controversial according to the observational record (e.g., 

Trenberth and Hoar, 1997; Harrison and Larkin, 1997; Rajagopalan et al., 1997).  For these 

reasons, the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report 

(AR4) concluded that there is no consistent indication of discernible changes in ENSO amplitude 

in response to increasing GHGs (Meehl et al., 2007; Guilyardi et al., 2009). 

 The direct cause of ENSO changes in response to climate changes is generally not 

straightforward.  For instance, the CMIP3 models largely agree in the response of the 

background ocean conditions over which ENSO variability occurs, but they do not agree on 

whether or not ENSO will strengthen (Fig. 13).  The projected changes in the mean climate 

include a shoaled, less tilted, and sharper thermocline; weaker zonal currents; and weaker 

upwelling (Vecchi and Soden, 2007; DiNezio et al., 2009).  ENSO theory indicates that any of 

these changes in the mean climate can lead to changes in ENSO amplitude. 

 Changes in ENSO amplitude have been attributed to changes in the depth and sharpness of 

the equatorial thermocline by theoretical, modeling, and observational studies.  For instance, a 

sharper and deeper thermocline leads to weaker ENSO amplitude in a simple coupled ocean-

atmosphere model (Fedorov and Philander, 2001).  Observations, in contrast, suggest that the 

strong ENSO events in the 1980s and 1990s could be a result of a deepening of the thermocline 

after the 1976 climate shift (Guilderson and Schrag, 1998) or a sharper thermocline due to GHG 

related warming (Zhang et al., 2008).  However, the observational evidence is not conclusive 

because: (1) there is evidence of strong ENSO activity before the 20th Century (e.g. Grove, 1988) 

and (2) ENSO has been relatively quiet during the first decade of the 21th Century despite 

continued warming. 

 Climate models exhibit a robust relationship between increased ENSO amplitude and a 

sharper equatorial thermocline (Meehl et al., 2001).  This relationship explains why the previous 

generation ocean models, which had very diffuse thermoclines, simulated much weaker ENSO 

variability than observed.  Conversely, a sharper thermocline has been invoked to explain the 

increase ENSO amplitude in some increasing GHG experiments (e.g., Timmermann et al., 1999; 

Park et al., 2009).  All models participating in CMIP3 simulate a sharper thermocline in response 

to increasing GHGs, yet not all of them simulate a stronger ENSO.  Other physical processes, 

such as the shoaling of the thermocline, weaker upwelling, or warmer mean SST could also have 
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an amplifying or damping effect on ENSO.  Thus, it is reasonable to hypothesize that depending 

on the balance of these changes, ENSO could strengthen or weaken (e.g., Guilyardi et al., 2009; 

Vecchi and Wittenberg, 2010; Collins et al., 2010). 

 Climate model projections do not agree on whether ENSO will increase because the 

interaction of ENSO and changes in the mean climate lead to subtle changes in the ENSO 

feedbacks.  The shoaling and sharpening of the thermocline enhances ENSO variability, but the 

warmer mean SST results in stronger atmospheric damping, thus weakening ENSO (van 

Oldenborgh et al., 2005; Kim and Jin, 2010).  The weakening of the Walker circulation and the 

increased thermal stratification associated with the surface intensified ocean warming, both 

robust features of the climate projections play opposing roles.  This interaction results 

fundamentally from weaker climatological upwelling, driven by a weaker Walker circulation, 

and a stronger subsurface zonal temperature gradient, associated with the surface intensified 

ocean warming.  All models simulate these mechanisms, yet their net effect on ENSO is not 

equal leading to the wide range of ENSO responses (e.g., Fig. 13).  Overall, these studies show 

that there is a substantial amount of cancellation among the effect of the changes in the different 

ENSO feedbacks.  As a result, the sensitivity of ENSO simulations to increasing greenhouse 

gases is much reduced. 

 

7.  Summary 

The ENSO observing system in the tropical Pacific plays an important role in monitoring 

ENSO and helping improve the understanding and prediction of ENSO.  ENSO has been viewed 

as a self-sustained, naturally oscillatory mode or a stable mode triggered by stochastic forcing.  

For both views, ENSO involves the positive ocean-atmosphere feedback over the eastern tropical 

Pacific hypothesized by Bjerknes (1969).  After an El Niño reaches its peak, a negative feedback 

is required for terminating a continued growth of El Niño.  Different negative feedbacks have 

been proposed since the 1980s associated with a delayed oscillator, a recharge oscillator, a 

western Pacific oscillator, and an advective-reflective oscillator.  These self-sustained oscillators 

respectively emphasize the negative feedbacks of wave reflection at the ocean western boundary, 

discharge of equatorial heat content, equatorial wind in the western Pacific, and zonal advection.  

As suggested by the unified oscillator, all of these negative feedbacks work together to terminate 

El Niños, and their relative importance is time-dependent.  The issue of ENSO as a self-sustained 
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oscillation mode or a stable mode triggered by random forcing is not settled.  It is possible that 

ENSO is a self-sustained mode during some periods, a stable mode during others, or a mode that 

is intermediate or mixed between the former and the latter.  The predictability of ENSO is more 

limited if ENSO is a stable mode triggered by stochastic forcing than if ENSO is a self-sustained 

mode, because the former depends on random disturbances. 

A recent development or focus for ENSO study is to separate ENSO into the EP and CP 

ENSO events.  Because the locations of maximum SST anomalies (and associated atmospheric 

heating) are different, these two types of ENSO events have different climate and weather-

related impacts on the globe.  Mechanisms for causing different types of ENSO need to be 

further studied although some studies have proposed different physical processes of the CP 

ENSO from the EP ENSO.  The identification of the two distinct types of El Niño offers a new 

way to consider how El Niño may respond and feedback to a changing climate.  In addition to 

considering how climate changes may affect the amplitude and frequency of ENSO, we should 

also consider that the dominant type of ENSO might be altered as a result.  There is still much to 

learn about the dynamics of the CP ENSO and what causes the type of ENSO to vary and 

alternate.  Nevertheless, ENSO may be changing and there is a need to prepare for the possible 

emergence of a new dominant type of ENSO and to revise existing modeling and prediction 

strategies that were developed primarily for the conventional EP type of ENSO.  It is unfortunate 

that there are only a few CP El Niño events available in the observations (less than 12 since the 

1950s, depending on the way a CP event is defined).  While much can still be learned from this 

limited number of events, we should look for assistance from long-term coupled climate model 

simulations, as well as paleoclimate records, to obtain a better understanding of the emerging CP 

type of El Niño. 

 Low-frequency SST variability in the Pacific sector is called PDV.  The ENSO and PDV 

patterns are very similar, not only over the tropical Indo-Pacific but also globally.  When SST 

anomalies are positive in the tropical eastern Pacific, they are negative to the west and over the 

central North and South Pacific, and positive over the tropical Indian Ocean and northeastern 

portions of the high-latitude Pacific Ocean.  The primary difference between the PDV and ENSO 

patterns is that PDV lacks the narrow equatorial Pacific maximum that is the hallmark of ENSO.  

The temporal variations of PDV are characterized by relatively cold conditions in the tropics 

during approximately 1910-1925 and 1947-1976, and by relatively warm conditions during 
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approximately 1926-1945 and 1977-1998.  There is much ambiguity regarding the physical 

origin of PDV and whether it is separable from ENSO.  Some studies suggest that PDV, unlike 

ENSO, is not a single physical phenomenon or “mode”, but a superposition of several 

phenomena including ENSO, random atmospheric variability, and oceanic processes.  Others 

indicate that PDV is the result of deterministic ocean-atmosphere interactions between the 

tropical Indo-Pacific and higher latitudes of the Pacific Ocean that produce a preferred timescale, 

although the mechanisms put forth differ in terms of which latitudinal region is key. 

 ENSO changes under global warming are uncertain.  The tropical Pacific response to global 

warming has been suggested to be neither El Niño-like nor La Niña-like since the mechanisms 

for these changes are different from that of ENSO events – the Bjerknes feedback.  Increasing 

greenhouse gases changes the background mean states in the tropical Pacific Ocean and 

atmosphere which in turn induce ENSO changes.  However, the response of the mean states to 

increasing greenhouse gases is uncertain.  For example, the tropical Pacific zonal SST contrast 

under global warming is reported to be either strengthened or weakened.  The uncertainty in the 

eastern Pacific warming may be also caused by the Atlantic warming.  Due to the fact that the 

change in tropical mean condition under global warming is quite uncertain even during the past 

few decades, it is hard to say whether ENSO is going to intensify or weaken, but it is very likely 

that ENSO will not disappear in the future.   

 Tropical warm waters are normally favorable for coral reef development and growth.  

However, extremely warm waters can result in coral mortality.  A combination of ENSO 

interannual, decadal and anthropogenic variations can induce a large ocean temperature change 

in the tropical eastern Pacific which then affects coral reefs.  As detailed in this chapter, 

significant advances have been made in ENSO since the past decades.  However, there are many 

issues and uncertainties that still under debate and need to be further investigated.  In particular, 

the improvement of our understanding and prediction of natural and anthropogenic ENSO 

variations is an important task for the ENSO community. 
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Figure 1.  ENSO indices.  Shown are (a) SST anomalies in the Nino3 region (5°S-5°N, 150°W-90°W), 
(b) SST anomalies in the Nino4 region (5°N-5°S, 160°E-150°W), and (c) zonal wind anomalies in the 
Nino4 region.  All of the time series are three-month running means.  SST is from the NOAA extended 
reconstructed SST version 3 (Smith et al. 2008) and wind is from the newly developed NOAA Earth 
System Research Laboratory (ESRL) 20th Century Reanalysis (20CR) (Compo et al. 2011). 
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Figure 2.  The global tropical moored buoy array.  The ENSO observed array in the tropical Pacific is 
called the TAO/TRITON array.  The instruments deliver, in near-real time, data on surface and subsurface 
temperature and salinity, wind speed and direction, current velocity and air-sea fluxes.  Boxes outline the 
Nino3 region of 150°W-90°W, 5°S-5°N, the Nino4 region of 160°E-150°W, 5°S-5°N, the Nino3.4 region 
of 170°W-120°W, 5°S-5°N, the Nino1 region of 90°W-80°W, 5°S-10°S, and the Nino2 region of 90°W-
80°W, 0°-5°S.  The figure is modified from the one provided by Dr. Michael McPhaden at 
NOAA/PMEL. 
 
 
 
 
 

 
 
Figure 3.  Time-longitude sections of monthly SST, zonal wind, and 20°C isotherm depth anomalies 
between 2°S to 2°N from January 1996 to December 2000.  The data are provided by the TAO/TRITON 
array. 
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Figure 4.  SST anomaly patterns for (a) the 1997-98 El Niño (anomalies averaged from November 1997 
to January 1998);  (b) the 1977-78 El Niño (anomalies averaged from November 1977 to January 1978); 
(c)-(d) the EP-ENSO and CP-ENSO obtained from the EOF-regression method of Kao and Yu (2009);  
(e)-(f) the 1st and 2nd EOF that representing the conventional El Niño and El Niño Modoki obtained from 
the regular EOF analysis of Ashok et al. (2007); and (g)-(h) the Cold Tongue and Wam Pool El El Niño 
composed by Kug et al. (2009).  SST data from HadISST (1970-2005) is used for the calculation. 
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Figure 5.  Evolution of SST anomalies of the CP ENSO.  Values shown are the lagged (in months) 
correlation coefficients between the principal components of the CP-ENSO obtained from the EOF-
regression method of Kao and Yu (2009) and tropical Pacific SST anomalies.  Contour intervals are 0.1. 
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Figure 6.  Evolution of subsurface ocean temperature anomalies of the CP ENSO along the equator (5°S-
5°N).  Values shown are the lagged correlation coefficients between the principal components of the CP 
ENSO obtained from the EOF-regression method of Kao and Yu (2009) and temperature anomalies.  
Contour intervals are 0.2.  Ocean temperature assimilation from GECCO (1970-2001) is used for the 
calculation. 
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Figure 7.  The standard deviation (°C) of SST fluctuations on time scales less than 8 years (bottom panel) 
and greater than 8 years (middle panel) based on the HadISST1 dataset (Rayner et al., 2003) for the 
period 1900-2010 using the filter in Zhang et al. (1997).  Prior to computing the standard deviations, the 
mean seasonal cycle was removed by subtracting the long-term monthly means from each month and the 
trend was removed using a quadratic fit to the time series.  The top panel shows the ratio between the 
middle panel and the bottom panel.  Boxes outline regions used in Fig. 8. 
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Figure 8.  Regional SST time series in the tropical Indo-Pacific, arranged from the east to west (regions 
are outlined in the top panel of Fig. 7).  Unfiltered monthly SST anomalies are displayed as colored bars 
and low-pass filtered anomalies are shown as black curves; all time series have been quadratically 
detrended.  Regions are defined as follows: Eastern Equatorial Pacific (5°N-5°S, 160°W-90°W); SE 
Tropical Pacific (5°S-20°S, 160°W-70°W); NE Tropical Pacific (5-20°N, 160°E-110°W); Western 
Equatorial Pacific (15°S-15°N, 150°E-160W°); Indian Ocean (5°S-25°S, 45°E-120°E); North Pacific 
(25°N-45°N, 160°E-150W°). 
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Figure 9.  (Top panels) Global SST anomaly pattern associated with the leading EOF of SST anomalies 
over the tropical Indo-Pacific (30°N-30°S, 20°E-80°W) based on unfiltered data (left) and 8-year low-
pass filtered data (right) based on quadratically detrended monthly anomalies from the HadISST1 dataset 
during 1900-2010.  Units are °C per standard deviation of the PC time series.  (Bottom panel) 
Standardized PC time series (colored bars for unfiltered data and black curve for low-pass filtered data). 
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Figure 10.  Regression maps of monthly precipitation anomalies upon the SST PC time series based on 
unfiltered and low-pass filtered data in Fig. 9 (left and right panels, respectively).  The top panels show 
results based upon the satellite-based Global Precipitation Climatology Project for the period 1979-2011; 
bottom panels show results based upon land station data records during 1900-1998.  Units are mm/day per 
standard deviation of the PC time series. 
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Figure 11.  Observed twentieth century SST trends (°C per century) computed from monthly anomalies 
since 1900 using various SST datasets.  White grid boxes denote insufficient data, and gray boxes 
indicate trends that are not statistically significant at the 95% confidence level (from Deser et al., 2010). 
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Figure 12.  SST change over the twenty-first Century, averaged over 22 climate models for a mid-range 
emissions scenario (SRES A1B).  Reef locations are indicated by black circles (data from 
www.reefbase.org) (from Clement et al., 2010). 
 
 

 
 
Figure 13.  Projected changes in the amplitude of ENSO variability, as a response to global warming, 
from the CMIP3 models.  The measure is derived from the interannual standard deviation (s.d.) of a mean 
sea-level-pressure index, which is related to the strength of the Southern Oscillation variations.  Positive 
changes indicate a strengthening of ENSO, and negative changes indicate a weakening.  Statistical 
significance is assessed by the size of the blue bars, and the bars indicated in bold color are from those 
CMIP3 CGCMs that are judged to have the best simulation of present-day ENSO characteristics and 
feedbacks (from Collins et al., 2010). 


