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ABSTRACT
Recent studies report that two types of El Niño events have been observed. One is the cold tongue (CT)
El Niño, which is characterized by relatively large sea surface temperature (SST) anomalies in the eastern
Pacific, and the other is the warm pool (WP) El Niño, in which SST anomalies are confined to the central
Pacific. Here, both types of El Niño events are analyzed in a long-term coupled GCM simulation. The present
model simulates the major observed features of both types of El Niño, incorporating the distinctive patterns of
each oceanic and atmospheric variable. It is also demonstrated that each type of El Niño has quite distinct
dynamic processes, which control their evolutions. The CT El Niño exhibits strong equatorial heat discharge
poleward and thus the dynamical feedbacks control the phase transition from a warm event to a cold event.
On the other hand, the discharge process in the WP El Niño is weak because of its spatial distribution of ocean
dynamic field. The positive SST anomaly of WP El Niño is thermally damped through the intensified evaporative cooling.

1. Introduction
The richness of the coupled air–sea phenomena has
been recognized in the tropical Pacific more than in any
other place (Jin 2001). Many recent studies have argued
that there exists more than one type of El Niño [or
El Niño–Southern Oscillation (ENSO)] based on spatial
distributions of SST (Larkin and Harrison 2005a,b;
Ashok et al. 2007; Weng et al. 2007; Kao and Yu 2009;
Kug et al. 2009b; Yeh et al. 2009) or physically separated
modes (Neelin et al. 1998; Jin et al. 2003; Bejarano and
Jin 2008). The former group found the strongest evidence that there is a type of El Niño event that has
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action centers of atmospheric and oceanic variables located primarily over the central Pacific and warm pool
region, which is distinguished from the traditional canonical feature of ENSO (or the conventional El Niño)
(Rasmusson and Carpenter 1982; Wallace et al. 1998).
They also reported that these events appear to be more
frequent and persistent occurrences during recent decades (Ashok et al. 2007; Kug et al. 2009b; Yeh et al.
2009). So far, inconsistent nomenclature has been used
for this new type of El Niño event, such as ‘‘date line
El Niño’’ (Larkin and Harrison 2005a,b), ‘‘El Niño
Modoki’’ (Ashok et al. 2007; Weng et al. 2007), ‘‘central
Pacific El Niño’’ (Kao and Yu 2009; Yeh et al. 2009), and
‘‘warm pool El Niño’’ (Kug et al. 2009b). Although there
is no consensus in terminology, we will use the term
‘‘warm pool (WP) El Niño,’’ because this study is basically extension of Kug et al. (2009b).
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Each of the aforementioned studies emphasized somewhat different aspects of these El Niño events, examining
the same phenomenon from slightly different points of
view. We extracted the following major features:
(i) There is a distinct interannual SST variation over
the central Pacific that differs from the conventional El Niño;
(ii) the SST variation over the central Pacific has displayed stronger variance in recent decades;
(iii) the global impact of this new type El Niño is significant and quite different from that of the conventional El Niño;
(iv) zonal advective feedback is the key process for
evolution of the WP El Niño events, while the
thermocline feedback is more important for that of
the cold tongue (CT) El Niño (e.g., Jin and An
1999; An and Jin 2001).
Though the observational composite analyses showed
how the two types differ, the analyses are limited by the
small number of observations. To overcome this limitation, numerical models can be a useful tool for understanding natural phenomena and for testing hypotheses.
In particular, several studies have used the state-of-theart coupled GCMs to understand ENSO dynamics (Yu
and Mechoso 2001; Guilyardi et al. 2003, 2004; Kim et al.
2008; Kug et al. 2009c) and the relationship between
ENSO and other climate phenomena (Yu et al. 2002;
Gualdi et al. 2003; Wu and Kirtman 2004a,b; Lau and
Nath 2004; Kug et al. 2006a,b). In this study, we analyze
a long-term simulation of the Geophysical Fluid Dynamics Laboratory (GFDL) Climate Model version 2.1
(CM2.1) coupled GCM (CGCM; Delworth et al. 2006;
Wittenberg et al. 2006). The GFDL CGCM is capable of
simulating both types of El Niño phenomena, the characteristics of which are similar to those observed.
Section 2 provides a brief description of the GFDL
coupled GCM utilized in this study. In section 3, we
describe the two types of El Niño events simulated by
the coupled model. Their evolution and transition processes are depicted in section 4. The summary and discussion are given in section 5.

2. Model
a. Description of the model
This study employs the GFDL CM2.1 long-term simulation. The ocean component is ocean model version 3.1
(Gnanadesikan et al. 2006; Griffies et al. 2005), which is
based on Modular Ocean Model version 4 (MOM4) code.
The resolution is 50 vertical levels and a 18 3 18 horizontal
grid telescoping to 1/ 3 meridional spacing near the equator. The vertical grid spacing is a constant 10 m over the

FIG. 1. (a) Climatology of SSTs (8C) over the tropical Pacific during ND(0)J(1) from CGCM. (b) Standard deviation of ND(0)J(1)
SST anomalies (8C). The dashed boxes in (b) indicate the modified
Niño-3m region (right box; 58S–58N, 1708–1108W) and Niño-4m
region (left box; 58S–58N, 1408E–1708W).

top 220 m. The atmospheric component is the GFDL
atmospheric model (AM2p13). The resolution is 24 vertical levels and 28 latitude by 2.58 longitude grid spacing.
The dynamic core is based on a finite volume (Lin 2004).
Air–sea fluxes are computed based on 1-h intervals.
For a detailed model description, refer to Delworth et al.
(2006) and Wittenberg et al. (2006). In this study, we
used a 500-yr preindustrial simulation, with fixed values
for atmospheric composition, land cover, and insolation
based on data for the year 1860. The initial conditions
were computed by starting from Levitus and then running for 200 years subject to the 1860 forcing. The data
are available in the phase 3 of the Coupled Model Intercomparison Project (CMIP3) archives (available online at
https://esg.llnl.gov:8443/index.jsp).
Figure 1 shows the SST winter mean climatology and
standard deviation of the simulated interannual SST
anomaly in November–January (NDJ) periods, at the
peak phase of El Niño events. Overall, the simulated climatological SST and interannual variability are comparable to those in observation. However, the equatorial
cold SST bias and the equatorial westward SST gradient
are somewhat stronger in the western and central Pacific
because of the further westward penetration of the cold
tongue. These systematic biases are observed in most of
CGCMs (AchutaRao and Sperber 2002; Davey et al.
2002; Hannachi et al. 2003; Latif et al. 2001).
In general, the present model overestimates the interannual variability of SST, which is found not only in
the eastern Pacific but also in the central-western Pacific.
In addition, the standard deviation is smaller in the equatorial eastern Pacific near the coast and the west coast
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of South America compared to those in the observation.
This indicates that the location of the strong variability in
this model shifts farther westward than observed, which
is a common problem in most CGCMs (AchutaRao and
Sperber 2002; Hannachi et al. 2003; Latif et al. 2001).
Presumably, this is related to the westward extension of
the cold tongue. The detailed descriptions of the performance of the model, especially over the tropical Pacific,
are found in Wittenberg et al. (2006).

b. Distinctions between WP El Niño and CT El Niño
To define two types of El Niño events, we use modified
Niño-3 and Niño-4 SST indices because the climatological cold tongue extends farther west than observational data would suggest, and because ENSO variability
is also shifted slightly to the west in the model (Fig. 1).
Wittenberg et al. (2006) noted that the simulated patterns of tropical Pacific SST, wind stress, and precipitation variability are displaced longitudinally by 208–308
west of the observed pattern. Based on this information,
we defined new indices. We defined Niño-3m SST as the
averaged SST over 58S–58N, 1708–1108W and Niño-4m
SST as the averaged SST over 58S–58N, 1408E–1708W
(Fig. 1b). Note that the area thus defined is shifted
about 208 longitude to the west compared to the conventionally defined area. Based on the two indices, all
El Niño events are initially selected when either of
the two indices is greater than 0.58C during NDJ. A
total of 205 El Niño events were selected. The distribution for Niño-3m and Niño-4m SST anomalies
(SSTA) is shown in Fig. 2. We found that the ratio between the two indices is markedly varied, indicating
that the spatial distribution of SST cannot be characterized by any one single pattern (i.e., one type of
El Niño). We classified the 205 El Niño events as WP or
as CT. El Niño events with a Niño-4m SSTA greater
than the Niño-3m SSTA were considered WP and those
with a Niño-3m SSTA greater than the Niño-4m SSTA
were labeled CT. We acknowledge that this division into
only two groups is a limitation. Some events exhibiting
similar magnitudes for Niño-3m and Niño-4m indices,
though in reality mixed, were still placed in one of the
two groups. Based on our definitions, a total of 121 events
were classified as WP El Niño events and 84 as CT
El Niño events.

3. Warm pool El Niño and cold tongue El Niño
To compare the two types of El Niño events, we
performed a composite analysis. In this section, we will
first focus on the features of the mature phase (NDJ).
Their evolution will be discussed in the next section.

FIG. 2. Scatterplots in Niño-3m–Niño-4m SST anomaly plane.
Open-square (closed circle) marks indicate the CT El Niño (WP
El Niño).

Figure 3 shows SST composites of the CT El Niño and
WP El Niño events. It is clear that the SST anomalies in
both composites have quite different patterns in terms of
location and amplitude. The SST pattern of the WP
El Niño is distinct from that of the CT El Niño. In the
case of the CT El Niño, large SST anomalies appeared
mainly over the eastern equatorial Pacific. The maximum SST anomaly is about 2.5 K and is located at 1208W.
The location of the SSTA center is consistent with that of
the observed CT El Niño, but the SST anomalies are
elongated farther west in the Pacific, and there is no negative SST over the western equatorial Pacific, which differs from observations (See Fig. 3c of Kug et al. 2009b).
Note that most features in the composite are statistically
significant, as determined by the t test.
On the other hand, SST anomalies of the WP El Niño
events mainly appeared west of the international date
line (maximum located around 1608E), which is a shift to
the west of about 308 compared to that of the observed
WP El Niño (see Fig. 3c of Kug et al. 2009b). The
magnitude of the SST anomaly was about 1.0 K, which
is smaller than that of the CT El Niño. Also not in
agreement with observations, the negative SST anomaly over the equatorial western Pacific was not observed
in the WP El Niño composite. In spite of some dissimilarity, it seems the model does simulate the major
distinctions between the two types of El Niño events
that have been reported in the observational data. This
implies that the model has the ability to simulate both
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FIG. 3. SST anomaly (8C) composite of the (a) CT El Niño and
(b) WP El Niño during ND(0)J(1).

types of observed El Niño events, providing an opportunity to explore further, through analysis of the model,
the underlying dynamics of the observed two types of
El Niño.
Since each type of El Niño is characterized by a distinctive SST pattern, we would expect that the associated atmospheric responses might also differ. Figure 4
shows precipitation composites of the two types of El Niño
events. The precipitation patterns in both composites
are distinctively different. Precipitation anomalies associated with the CT El Niño are zonally elongated over
the entire equatorial Pacific basin, with a center located
near 1708E, whereas the precipitation anomalies associated with the WP El Niño are confined to the western
Pacific, with a center at 1508E. This is consistent with the
pattern of SST shown in Fig. 3b. Overall, the location
of the precipitation is consistent with the region where
the zonal gradient of the SST anomalies is strong (cf.
Ropelewski and Halpert 1987).
In addition, negative off-equatorial precipitation anomalies are clearly shown in the CT El Niño composite,
which is known as the western Pacific anomaly pattern
associated with the conventional El Niño (Weisberg
and Wang 1997; Wang et al. 1999). The precipitation
anomalies induce a cyclonic wind shear and shallowing thermocline in the off-equatorial western Pacific.
These observational features are captured well in the
CT El Niño composites of the present model. However,
in the WP El Niño composite, the western Pacific pattern is not found. Namely, there is no significant precipitation anomaly in the off-equatorial region of the
Northern Hemisphere (NH). So, their off-equatorial
responses of low-level wind and thermocline depth are
quite different from those of the CT El Niño. Instead,
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FIG. 4. As in Fig. 3, except for precipitation (mm day21).

large off-equatorial precipitation anomalies are apparent over the Indian Ocean in the WP El Niño composite
(not shown).
Another interesting finding is that the WP El Niño
composite shows positive off-equatorial precipitation
anomalies with relatively minimal precipitation at the
equator to the east of the international date line, which
is different from that of the CT El Niño. This is possibly because the equatorial total SST is not enough to
generate precipitation (Vecchi et al. 2006; Lengaigne
and Vecchi 2009). These differences in horizontal structures of precipitation anomalies between the two types
of El Niño are quite consistent with those observed
(Kug et al. 2009b). However, the model tends to simulate more hemispherically symmetrical features, possibly because of the double-ITCZ problem (Wittenberg
et al. 2006).
It is not clear yet why the two types of El Niño have
a different off-equatorial precipitation response in both
the simulation and observation. For example, it is known
that the distinct pattern in the meridional precipitation structure is related to the meridional gradient SST
(Lengaigne and Vecchi 2009). However, there is no significant difference in the meridional extent of SST. The
present model simulates the equatorial cold tongue to be
located far west, as shown in Fig. 1, and thus the equatorial SST is much colder than the off-equatorial SST in
the central Pacific. Even during the WP El Niño, the
equatorial SST is still colder than the off-equatorial SST.
On the other hand, the CT El Niño SST is large enough
to reverse the meridional SST gradient. The warmer
equatorial SST intensifies atmospheric convection, which
may lead to off-equatorial dryness through an intensified
sinking motion. These processes should be further studied with more detailed analysis.
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FIG. 5. As in Fig. 3, except for zonal wind at 925 hPa (m s21).

FIG. 6. As in Fig. 3, except for heat content (K).

It is also interesting that the maximum precipitation
anomaly in CT El Niño composite is comparable to that
in WP El Niño composite, though the SSTA magnitude
of the CT El Niño events is 2.5 times larger than that of
the WP, as shown in Fig. 3. This is because the central
Pacific SST anomalies are much more efficient in inducing atmospheric convections than are the eastern
Pacific SST anomalies because of the background wind
convergence and warmer background SSTs (Wang 2000).
This makes the global impact of the WP comparable
to the CT in spite of its relatively small SST anomaly.
Different patterns of anomalous convection can lead
to differences in the atmospheric circulation, and one
may expect distinctive atmospheric teleconnections (e.g.,
Hoerling et al. 1997; An et al. 2007). The distinctive
global impacts of the two types of El Niño were reported recently in several studies (Larkin and Harrison
2005a,b; Ashok et al. 2007; Weng et al. 2007; Ashok et al.
2009). The present model also simulates different teleconnection patterns for the two types of El Niño events
(not shown).
Figure 5 shows composites of a zonal wind anomaly at
925 hPa. In the case of the CT El Niño, there are strong
anomalous westerlies over the western-central Pacific.
In contrast, the center of the anomalous zonal wind is
located to the west and its zonal scale is relatively
smaller in the WP El Niño composite. These longitudinal distributions of wind are consistent with the distribution of precipitation, indicating that both types of
El Niño events are strongly coupled air–sea phenomena.
Also of note, in the CT El Niño composites the precipitation and zonal wind are almost in phase in terms of
the zonal location, while the zonal wind is shifted to the
west by about 208 compared to the precipitation in the
WP El Niño composites, which are closer to the Gill-

type solution when any specified basic state is not prescribed (Gill 1982). The phase relationship between heating and zonal wind response is an open question yet to be
solved (cf. Clarke 1994). We shall leave this for further
study.
The anomalous low-level wind generates an anomalous oceanic state in the tropical Pacific. Figure 6 shows
heat content anomalies associated with the two types of
El Niño events. Heat content anomalies are calculated
by integrating ocean temperature anomalies from the
surface to a depth of 300 m. For the CT El Niño composite,
the seesaw pattern is clear, namely that the thermocline
is deepening (shoaling) over the eastern (western) Pacific. It is also evident that the maximum of heat content
anomaly is located in the off-equatorial region over the
western Pacific because of the cyclonic wind shear
(Wang et al. 1999). Note that changes in heat content
can be analogous to changes in the thermocline depth.
The deepening thermocline induces a strong anomalous
warm vertical advection by mean upwelling over the
eastern Pacific (Battisti 1988; Kang et al. 2001; An and
Jin 2001). Thus, the positive SST anomaly is dominant in
the eastern Pacific. Also, the steep zonal slope of the
thermocline leads to a strong discharge of equatorial
heat content to the off-equatorial regions by the poleward geostrophic currents, leading to a transition from
El Niño to La Niña (Jin 1996, 1997a,b).
On the other hand, in the case of the WP El Niño, the
positive heat content anomaly is located over the central
Pacific, and its maximum near 1608W coincides with a
nodal point of zonal wind anomaly, as shown in Fig. 5b.
We found that the magnitude of the heat content anomaly is small compared to that of the CT El Niño. In addition, the climatological thermocline depth over the
equatorial central Pacific is relatively deep compared to
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FIG. 7. Time–longitude section of the equatorial (58S–58N) SST anomaly (K) for (a) CT El Niño
and (b) WP El Niño.

that in the eastern Pacific. Thus, the subsurface temperature below the mixed layer in the tropical central
Pacific is less sensitive to change of the thermocline
depth. In this regard, the heat content anomaly in the
tropical central Pacific may not efficiently produce the
warm SST anomaly. However, the zonal gradient of
climatological SST is strong over the central Pacific, so
the zonal advective feedback can play a dominant role in
developing the WP El Niño.
The difference in zonal distributions of heat content
anomalies between the two types of El Niño events can
lead to a difference in the phase transition. The strong
east–west contrast in the heat content anomaly leads to
a strong discharge, while the heat content anomalies
associated with a WP El Niño do not support this strong
discharge. This difference can lead to different forms of
evolution, as discussed in the next section.

4. Evolution of the two types of El Niño events
To depict the temporal evolution of both types of
El Niño event, the time–longitude cross section of SST
along the equator is shown in Fig. 7. In the case of the CT
El Niño, the SST anomaly begins developing in early
spring, and there are two peak seasons: summertime and
wintertime over the eastern Pacific. It is conceivable that
the double peaks of the eastern Pacific SST are related
to too strong a semiannual cycle (Wittenberg et al.
2006). The SST anomaly rapidly develops between April
and June. Note that the SST pattern of the CT El Niño

events is quite stationary. However, the WP El Niño
composite shows somewhat different evolution. The
surface warming starts relatively late and a rapid development happens over the central Pacific during the
period July–September. Interestingly, there is a shortterm SST peak over the eastern Pacific during the
summer. It seems that the summer peak in the eastern
Pacific SST in the both CT and WP El Niño composites
is unique in the present model; it is rarely found in the
observational data. This SST warming is tightly locked
to the seasonal cycle and is closely related to the shortterm fluctuation of the equatorial zonal current (not
shown). However, details regarding the dynamic processes that drive this warming are not clear.
A striking difference in the temporal evolution between the two types of El Niño events appeared in the
transition period. The CT El Niño composite shows
a rapid phase transition to La Niña that is already developed at the end of the following year, while the WP
El Niño slowly dampened by the end of the following
year. This phase transition in the CT El Niño is related
to the discharge process of the equatorial heat content.
As seen in Fig. 6, the maximum sea level in the WP
El Niño composite is located at 1608W. Therefore, the
zonal gradient of the sea level is eastward, to the west of
the maximum, and westward to the east of the maximum.
The eastward (westward) gradient leads to poleward
(equatorial) transport of heat content (or warm water) by
meridional divergence (convergence) of the geostrophic
currents (Jin 1997a,b; Meinen and McPhaden 2000, 2001;
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FIG. 8. Time–latitude section of the zonal-mean (1608E–908W) heat content anomaly (K) for
(a) CT El Niño and (b) WP El Niño.

Kug et al. 2003). Thus, both components mitigate each
other so that the net total heat content in the equatorial
region is zero. This indicates that the discharge process
of the equatorial heat content is not efficient in the case
of the WP El Niño so that the discharge process suggested
by Jin (1997a,b) cannot serve as the phase-transition mechanism. Note that the eastward gradient of heat content
is quite strong in the case of the CT El Niño. Therefore,
the discharge process associated with the CT El Niño
effectively leads to a transition from warm phase to
cold phase, following the recharge oscillator paradigm
(Jin 1997a,b).
To examine the heat content exchanges between the
equator and off-equator regions, the evolution of zonalmean heat content over the Pacific basin (1608E–908W)
is shown in Fig. 8. According to the recharge oscillator
theory (Jin 1997a,b), a positive anomaly of equatorial
heat content leads to a positive SST anomaly over the
eastern Pacific. In the CT El Niño composite, it seems
that the heat content anomaly leads to a SST anomaly by
several months. During the developing phase, strong
positive heat content prevails in the equatorial region,
and the negative heat content prevails north of the
equator. After the peak phase of the CT El Niño, the
equatorial heat content is rapidly discharged so that a
strong negative anomaly appears. At the same time, a
positive zonal-mean heat content anomaly develops
north of the equator. Note that the heat content anomaly over the south of the equator has the same sign as the

equatorial anomaly. The heat content exchanges associated with the CT El Niño happen between the equator
and north of the equator as described by Kug et al.
(2003). Kug et al. (2003) argued that the southward shift
of the center of zonal wind from the equator leads to the
hemispheric asymmetric mass exchanges. As shown in
Fig. 5a, the center of the zonal wind anomaly is slightly
shifted to the south, supporting their finding.
The evolution of zonal-mean heat content is quite
different in the case of the WP El Niño. Most significantly, the discharge of the equatorial heat content (i.e.,
the drain of the zonal-mean equatorial heat content) is
quite weak during the decaying phase. The heat content
anomaly does not become negative after the WP El Niño
peak phase. Therefore, there is no transition from the
El Niño to the La Niña because of the anomalous shoaling
of the equatorial thermocline, which tends to promote
a cold event in the case of the CT El Niño, and this negative heat content operates slowly to damp the warming
anomaly, restoring normal conditions, as shown in Fig. 7b.
This weak discharge effect is related to the zonal location of wind stress and the corresponding heat content
distribution as discussed earlier.
To explore the discharge process further, we compared
the zonal-mean meridional transport of the seawater. We
calculated the meridional transport by integrating the
meridional current from the surface to a depth of 300 m.
Figure 9 shows the evolution of the zonal-mean meridional transport for the two types of El Niño events. In
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FIG. 9. As in Fig. 8, except for ocean meridional current averaged from surface to 300-m
depth (m s21).

the CT El Niño composite, there are clear poleward
transports in both hemispheres, indicating a divergence
in the equatorial region. The meridional transport is
strongest during the peak phase of the CT El Niño when
the equatorial zonal gradient of the heat content is
positive. Note that the meridional transport toward NH
is stronger than that toward the Southern Hemisphere
(SH), which is consistent with the asymmetric distribution of heat content shown in Fig. 8a. On the other hand,
the WP El Niño composite does not show strong meridional transport. Though there is divergence at the
peak phase of the WP El Niño, the magnitude is quite
weak. Presumably, it is related to the zonal distribution
of heat content shown in Fig. 6b, which leads to almost
no net meridional transport. Again, this is because the
meridional transport that occurred in the equatorial
eastern Pacific is compensated by that in the equatorial
western Pacific. The discharge process is related to the
zonal location of the SST anomalies and the resultant
wind and heat content distribution. By showing individual CT and WP El Niño events (Fig. 10) rather than
a composite, we extract a general relationship between
the discharge process and the zonal location of the SST
anomaly. The abscissa in Fig. 10 represents the location
of the SSTA centroid (X ), which is defined by
ð
SSTA(x)x dx
,
X5 ð
SSTA(x) dx

(1)

where SSTA(x) denotes the equatorial SSTA averaged
over 58S–58N during El Niño peak phase [ND(0)J(1)]
and x denotes the longitude. The zonal integration was
executed over 1208E–908W. This definition is also used
by Kug et al. (2009a). Discharge is estimated from the
difference of the equatorial zonal-mean heat content
between the El Niño peak phase [ND(0)J(1)] and one
year later [ND(1)J(2)]. Figure 10a clearly demonstrates
that the discharge process depends on the zonal location
of the SSTA. As the SSTA center locates farther eastward, the discharge becomes more effective. The correlation coefficient is 0.64, which is significant to a 99%
confidence level. In particular, the relationship is almost
linear when the SSTA center is located to the east of the
international date line. Figure 10b shows the relationship between the discharge process and the zonal location of the zonal wind anomaly at 925 hPa. The center of
the zonal wind anomaly is calculated as in SSTA. A
linear relationship between two variables is also clear.
The correlation coefficient is 0.58, which is significant to
a 99% confidence level. That is, the discharge becomes
more effective as the center of the zonal wind anomaly
moves eastward. The zonal distribution of the equatorial
thermocline is highly dependent on the distribution of
zonal wind. This provides further evidence of a distinctive difference in the discharge process between two
types of El Niño as a result of the zonal locations of
SSTA and wind anomalies.
The different discharge processes are associated with
different physical processes in the two types of El Niño.
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FIG. 10. Scatterplots between the discharge of the heat content and the zonal location of the
(a) SST anomaly and the (b) zonal wind at 925 hPa. A detailed description is in the text.

The equatorial SST anomalies associated with ENSO
develop by two major pathways: (i) thermocline feedback and (ii) zonal advective feedback (Picaut et al.
1997; Jin and An 1999; Kang et al. 2001; An and Jin
2001). Kug et al. (2009b) noted that thermocline feedback is a key process for the CT El Niño, while zonal
advective feedback is a key to the WP El Niño. Here, we
also see the relative importance of the two feedback
process for the two types of events. We performed a
budget analysis of the mixed-layer temperatures. The
thermocline feedback and zonal advective feedback
terms are defined as follows:
w

›T9
›z

Zonal advective feedback:

u9

Thermocline feedback:

›T
,
›x

where the overbar and prime indicate monthly climatology and anomaly, respectively. Variables u and T
indicate zonal current and oceanic temperature averaged
over the mixed layer (fixed at 50 m). Vertical velocity
(w) is calculated at the bottom of the mixed layer. For
simplicity, each term is area averaged over the Niño-3m
and Niño-4m regions (except that meridional boundaries
of 28S–28N are used) for the CT El Niño and WP El Niño,
respectively. Also, we delineated the period of development [March (0) to November (0)] and the period of
decay [February (1) to October (1)].
Figure 11 shows the contributions of each term in the
developing and decaying periods. In the case of the CT
El Niño, both thermocline feedback (light-gray bar) and
zonal advective feedback (dark-gray bar) play a critical
role in both development and decay of the eastern Pacific surface warming, which is consistent with the obser-

vational studies on conventional El Niño events (Kang
et al. 2001). In particular, the thermocline feedback plays
a dominant role during the decay phase. After the El Niño
peak phase, there is a strong discharge of heat content,
which leads to rapid shoaling of the thermocline over the
eastern Pacific. The shallow thermocline induces subsurface cooling, and the climatological upwelling pumps
cold water from the subsurface to the surface, which leads
to a strong cooling tendency in SST. The net heat flux
(black bar) shows a negative SST tendency in both the
development and decay phases, indicating that it always
damps a positive SST anomaly. Note that the magnitude
of the atmospheric heat flux is smaller than that of the
dynamic cooling term in the decaying phase over Niño-3m
region. In the Niño-4m region, the zonal advection is
dominant during the developing period, while the vertical
advection is dominant in the decaying period because of
excessive discharge.
However, the WP El Niño composite shows quite
different contributions of two feedback processes. In the
period of decay, thermocline feedback exhibits a similar magnitude of positive SST tendency to that in the
period of development, indicating that this feedback
does not help much for the evolution of the WP El Niño.
However, the positive tendency of the zonal advective
feedback is significantly reduced in the period of decay,
though its sign is still positive. It is interesting that the
advection terms, including two feedback terms, do not
show a significant negative tendency in the period of
decay, while net heat flux is significantly changed, which
is different from the CT El Niño composite. In other
words, during the phase of development, the net heat
flux is nearly zero, but it becomes a large negative tendency during the phase of decay indicating a strong
damping effect. Since the net heat flux overwhelms the
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FIG. 11. SST tendency (open bar), SST tendency according to the thermocline feedback
(light-gray bar), the zonal advective feedback (dark-gray bar), and net flux (black bar) for
(a),(b) CT El Niño and (c),(d) WP El Niño (K month21). Each magnitude is calculated over
28S–28N, 1708–1108W [(b),(d) Niño-3m region] or 28S–28N, 1408E–1708W [(a),(c) Niño-4m
region]. Period of development (decay) is defined from March (0) to November (0) [from
February (1) to October (1)].

advective heating by the zonal advective and thermocline feedbacks, the positive SST anomaly is damped
to the climatological value but does not develop a negative SST.
It is very interesting that net heat flux in the Niño-4m
region is nearly zero during the developing period of the
WP El Niño, though the SST anomaly remains significantly positive. Figure 12 shows the contribution of each
net heat flux for the CT and WP El Niño composites. It is
clear that the latent heat flux anomalies are quite different. The CT El Niño exhibits a latent heat flux in the
Niño-3m region with a strong negative tendency in the
phase of development. In the Niño-4m region, the latent
heat flux is relatively weak. On the other hand, the WP
El Niño composite signal is very weak during the developing period. However, there is strong negative tendency
by the latent heat flux in the decaying phase.

During the developing phase of the CT El Niño, the
SST anomaly is positive and wind speed is reduced because of the anomalous westerly in the Niño-3m region.
The positive SST anomaly intensifies the cooling effect
of the latent heat flux by increasing ocean surface evaporation, while the reduced wind speed reduces the cooling
effect of the latent heat flux by decreasing evaporation.
Because the climatological SST is relatively cold and the
climatological wind speed is relatively strong in the
Niño-3m region, the intensification of latent heat flux
due to change in the SST anomaly overwhelms the reduction of latent heat flux due to change in the wind
speed, and thus anomalous cooling is induced by latent
heat flux. In the decaying phase, however, the positive
SST anomaly is changing to the negative SST anomaly
because of the fast transition, and the time-averaged
latent heat flux from 1 February to 1 October is nearly
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FIG. 12. SST tendency according to the net flux (Fig. 11) is separated by each flux term
(K month21). (left to right) Net shortwave flux (SW), net longwave flux (LW), sensible heat
flux (SH), and latent heat flux (LH). CT El Niño (WP El Niño) cases are calculated over the
Niño-3m (Niño-4m) region except for 28S–28N.

zero. On the other hand, in the Niño-4m region, the
climatological SST is higher and wind speed is weak so
that the effect due to change in the wind speed is relatively large. In this regard, nearly zero latent heat flux in
the developing phase of the WP El Niño may be attributed to a cancellation between the increment of latent heat flux associated with increased SST and the
decrement of latent heat flux associated with the decreased wind speed. However, the wind speed anomaly
is significantly reduced during the decaying phase of the
WP El Niño, and so no cancellation occurs, because of a
strong negative tendency in the latent heat flux.
In the conventional El Niño, the reversal of the sign of
the feedback terms between the developing and decaying
periods resulted from the discharging process and the
associated sign reversal in the zonal-mean heat content
(An et al. 1999; An and Jin 2001). An and Jin (2001)
pointed out that the equatorial negative heat content
generates equatorial westward geostrophic current and
a shoaling thermocline, which leads to a negative SST
tendency in the two feedback terms. However, the WP
El Niño exhibits a very weak discharge and is even
weakly positive in the decaying period (see Fig. 8b). Because the shoaling thermocline tendency is very slow as
a result of the weak discharge in the decaying period, the
SST decay due to atmospheric heat flux can be faster than
subsurface cooling due to the shoaling thermocline, resulting in a positive tendency of thermocline feedback
during the decaying period. In addition, the weak positive
(or nearly zero) heat content cannot generate the westward current anomaly, so the zonal advection term does
not have a negative tendency during the decaying period.
From the budget analysis, it is found that the dynamical feedback terms play an active role in the de-

velopment and decay of the CT El Niño because the
recharge and discharge processes are dominant. Therefore, the dynamical feedback can lead to a clear phase
transition from the warm phase to the cold phase, possibly indicating a self-sustained oscillatory mode. For the
WP El Niño events, the zonal advective feedback plays
a key role in the surface warming during the developing
period, but the dynamical feedback terms do not play an
important role in the phase transition because of the
weak discharge process. Instead, surface warming tends
to be thermally damped to the climatological value, and
the cold event rarely follows in the next year.

5. Summary and discussion
In this study, we investigated two types of El Niño
events in a preindustrial control simulation of the GFDL
CM2.1 coupled GCM spanning about 500 years. Though
their patterns shifted to the west because of the model
mean bias compared to the observed, the present model
simulates the major observed features of the two types
of El Niño event very well. For example, the action
centers in the atmospheric and oceanic variables are
located over the central Pacific and warm pool regions in
the WP El Niño, which is distinctively different from the
CT El Niño. Also, the zonal scale for the WP El Niño is
relatively small compared to that of the CT El Niño. A
striking difference appeared in the transition processes
of the two events. In the case of the CT El Niño, the
discharge process is very strong and thus dynamic
feedback controls the phase transition from warm event
to cold event. On the other hand, the discharge process
in the WP El Niño is very weak because of its spatial
distribution, and it seems the surface warming induced
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FIG. 13. Gray solid line indicates 20-yr moving WP El Niño frequency (number of occurrence).
Black-dashed line is long-term mean Niño-4m SSTA with 20-yr moving slide.

by zonal advection slowly decays because of a thermal
damping process.
Kug et al. (2009b) pointed out using the observational
analysis that the cold events are not easily separated into
WP and CT types because conventional La Niña events
are already shifted to the west compared to the El Niño
events. It is also found that the cold events simulated by
the present CGCM are hardly separated into two types.
In particular, we found their pattern is relatively close to
those of the CT El Niño with the opposite sign (not
shown). This implies the WP El Niño is more a stochastic event than an oscillatory phenomenon.
Because the WP El Niño events tend not to be accompanied by cold events after their termination, their
occurrence and existence can modulate climate mean
states in the tropical Pacific. In other words, frequent
occurrences of the WP El Niño contribute to an accumulative warming of the mean state. In observational
data, the occurrence of the WP El Niño is well matched
with the warming period of the long-term SST (more
than five years) over the central Pacific. For example,
during the periods of 1990–95 and 2001–06, there are
long-lived SST anomalies in the central Pacific. Their
SST patterns are similar to that of the WP El Niño. In
the model simulation, we found a similar tendency.
Figure 13 shows the occurrence frequency of the WP
El Niño and long-term mean Niño-4m SST with a 20-yr
moving slide. It is striking that the two variables are so
closely related. The correlation coefficient is 0.70. That
is, the frequency occurrence is related to the warmer
state of the tropical decadal to interdecadal variability.
There are two possible explanations for this clear relationship. First, the WP El Niño could be inducing the
tropical decadal variability by means of a nonlinear
rectification effect (Timmermann 2003; Rodgers et al.
2004; An et al. 2005; An 2009). Second, the basic state
could be providing favorable conditions for the frequency occurrence of the WP El Niño. Because the

zonal advective feedback is a key process in the developing WP El Niño, the zonal gradient of the climatological SST may be related to the frequency of the WP
El Niño events. If the mean SST over the western Pacific
increases, it can provide favorable conditions for WP
El Niño development. Also, atmospheric response to the
given SST is strong when the background SST is warmer.
That is why the magnitude of the precipitation response
to the WP El Niño is comparable to that of the CT
El Niño though the SST magnitudes are quite different.
In this sense, the warmer mean surface conditions can
provide favorable conditions for the occurrence of WP
El Niño by providing strong air–sea coupling. Therefore,
there are possible two-way interactions between WP
El Niño events and decadal variability. However, the
detailed dynamical process is not yet fully elucidated; we
intend to further investigate this two-way interaction in
the future.
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