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ABSTRACT

Severe biases exist in state-of-the-art general circulation models (GCMs) in capturing realistic central-Pacific (CP) El
Niño structures. At the same time, many observational analyses have emphasized that thermocline (TH) feedback and zonal
advective (ZA) feedback play dominant roles in the development of eastern-Pacific (EP) and CP El Niño–Southern Oscil-
lation (ENSO), respectively. In this work, a simple linear air–sea coupled model, which can accurately depict the strength
distribution of the TH and ZA feedbacks in the equatorial Pacific, is used to investigate these two types of El Niño. The results
indicate that the model can reproduce the main characteristics of CP ENSO if the TH feedback is switched off and the ZA
feedback is retained as the only positive feedback, confirming the dominant role played by ZA feedback in the development
of CP ENSO. Further experiments indicate that, through a simple nonlinear control approach, many ENSO characteristics,
including the existence of both CP and EP El Niño and the asymmetries between El Niño and La Niña, can be successfully
captured using the simple linear air–sea coupled model. These analyses indicate that an accurate depiction of the climatolog-
ical sea surface temperature distribution and the related ZA feedback, which are the subject of severe biases in GCMs, is very
important in simulating a realistic CP El Niño.
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1. Introduction

As the concept of central Pacific (CP) El Niño began to
emerge (Fu and Fletcher, 1985; Larkin and Harrison, 2005;
Ashok et al., 2007; Yu and Kao, 2007; Kao and Yu, 2009;
Kim et al., 2009; Kug et al., 2009), comparisons between
this new type and the traditional eastern Pacific (EP) type of
ENSO (El Niño–Southern Oscillation) were intensively con-
ducted, including the triggering factors (Vimont et al., 2001,
2003; Kug et al., 2009; Lee and McPhaden, 2010; Yu and
Kim, 2011; Ham et al., 2013), the occurrence frequency (Kug
et al., 2009; Lee and McPhaden, 2010), the amplitude (e.g.,
Zheng et al., 2014), the dynamic mechanisms (Kug et al.,
2009; Yu et al., 2010), the predictabilities (e.g., Zheng and
Yu, 2017), and the impacts on the global climate (Kumar et
al., 2006; Feng and Li, 2011; Zhang et al., 2011). On the
subject of the dynamic mechanisms, due to the fact that the
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anomalous warming center of EP ENSO is located in the EP,
the mean thermocline (TH) is quite shallow and permits the
perturbations on the subsurface to effectively influence the
sea surface temperature (SST) through upwelling processes,
including both TH and Ekman (EK) feedback. In contrast,
for CP ENSO, the major warming center is concentrated in
the CP, where the TH is relatively deep. This means that
the upwelling processes have less of an impact on the SST.
However, because the zonal mean SST gradient is strongest
in this region—due to the warm pool to the west and the
cold tongue to the east—the anomalous zonal-current-related
zonal advective (ZA) feedback plays the dominant role. The
relative contributions of the TH, EK and ZA processes in the
equatorial Pacific have also been widely diagnosed using ob-
servational datasets (Latif, 1987; Kleeman, 1993; Kug et al.,
2009).

From another perspective, although ENSO is regarded as
a kind of recurring event, with the positive phase named El
Niño and the negative phase La Niña, many asymmetries ex-
ist between these two phases (Burgers and Stephenson, 1999;
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Jin et al., 2003; Su et al., 2010; Sun and Zhang, 2006). For ex-
ample, El Niño is always stronger than La Niña; the anoma-
lous cooling center during La Niña is located relatively far-
ther west than during El Niño; and the decaying period of La
Niña is longer than that of El Niño. Although many stud-
ies have investigated the differences between the two types
of ENSO and the asymmetries between the two phases of
ENSO, and have obtained certain results, it is still a great
challenge for general circulation models (GCMs) to success-
fully simulate these ENSO characteristics.

Because GCMs include many factors that can influence
ENSO events, it is not always easy to quantify the feedback
contributions or to attribute the main defects to the correct
causes. For this reason, simple models consisting of only the
major processes that influence ENSO are always good candi-
dates for studying specific problems or mechanisms. In this
study, a linear air–sea coupled model of the equatorial Pa-
cific is utilized to investigate the importance of the major dy-
namic mechanisms (e.g., the TH, EK and ZA feedbacks) on
the ENSO problems mentioned above.

The rest of this paper is organized as follows: Section
2 gives a brief description of the data and the simple model
used in this study. Section 3 describes the modification of
the model and its ability to simulate the traditional EP type
of ENSO. Section 4 tests the influence of the ZA feedback on
simulating the CP type of ENSO. In Section 5, using a sim-
ple nonlinear control scheme, the characteristics of the two
types of El Niño are simultaneously simulated, as well as the
asymmetries between the two phases of the ENSO events.
The results are summarized and discussed in section 6.

2. Datasets, methods and model

2.1. Datasets and methods
Observational and reanalysis datasets are used to ana-

lyze the developing phase of El Niño. The wind stress data
are from NCEP Reanalysis-2 (Kanamitsu et al., 2002); the
SST data are from ERSST.v3b (Smith et al., 2008); and the

monthly ocean temperature and oceanic circulation data are
from GODAS (Behringer and Xue, 2004). They are used to
quantify the contributions of each oceanic feedback process
on the development of the SST and calculate the TH depth
(TCD—indicated by the 20◦C isotherm depth). The analy-
sis period is from 1980 to 2010. Anomalies presented in this
study are calculated by removing the monthly mean climatol-
ogy. Following Xiang et al. (2013), five CP El Niño (1991/92,
1994/95, 2002/03, 2004/05 and 2009/10) and four EP El Niño
events (1982/83, 1986/87, 1997/98 and 2006/07) are cho-
sen. The developing phase for each event is defined as from
the month when the oceanic Niño index becomes larger than
0.5◦C until the end of the calendar year. For example, the
developing phase is from June to December for the 1991/92
El Niño event, and from May to December for the 1997/98
El Niño event.

To measure the relative contributions of each oceanic
feedback on the development of the SST, a straightforward
method is used to conduct a budget analysis of the mixed-
layer temperature. The temperature equation is as follows:

∂tT ′ = −u′∂xT̄ − v′∂yT̄ −w′∂zT̄ −u′∂xT ′ − v′∂yT ′

−w′∂zT ′ − ū∂xT ′ − v̄∂yT ′ − w̄∂zT ′+R , (1)

where overbars and primes represent the monthly climatol-
ogy and anomaly, respectively. The variables u, v and T are
the zonal and meridional currents and oceanic temperature
averaged over the mixed layer. The vertical velocity (w) is
measured at the bottom of the mixed layer. R is the residual
term, which consists of thermodynamic processes and influ-
ences from variation other than that on the interannual time
scale, amongst other factors. This method is the same as that
used in Kug et al. (2009).

Figure 1a illustrates the relative contributions of each pro-
cess [rhs of Eq. (1)] to the development of local SST tenden-
cies [lhs of Eq. (1)] in the equatorial Pacific for the whole pe-
riod (1980–2010), rather than for specific El Niño events, as
calculated in Kug et al. (2009). It indicates that the ZA feed-
back (i.e., the anomalous zonal current and mean zonal tem-
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Fig. 1. (a) Observational linear contributions of ZA (black line and gray shading), TH (blue line and shading), EK
(green line and shading), and the combination of TH and EK (red line and shading) feedbacks to the SST tendency
along the equatorial Pacific. (b) Factors in the SST equations, Eqs. (2) and (3), as a function of longitude; here, α is in
units of K (10 m)−1 month−1, β in K (0.1 Pa)−1 month−1, and γ in month−1.
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perature gradient—black line in the figure) plays the dom-
inant role in the CP region, where the largest mean zonal
temperature gradient is located. In the western and eastern
areas, the contribution from the ZA feedback is relatively
weak. Instead, the TH feedback (i.e., the mean vertical veloc-
ity and anomalous vertical temperature gradient—blue line)
and the EK feedback (i.e., the anomalous vertical velocity and
mean vertical temperature gradient—green line) processes
are dominant. Specifically, the TH feedback plays an impor-
tant role in the central–eastern region, i.e., 110◦–150◦W, with
a comparable contribution to the ZA feedback, and the EK
feedback plays the dominant role in the eastern part of the Pa-
cific, i.e., 80◦–110◦W. Because the TH and EK feedbacks are
both related to vertical upwelling processes, their combined
effects are also illustrated in Fig. 1a (red line). It shows that
the total vertical upwelling processes can explain the major-
ity of the SST development over the central–eastern Pacific
region, with the relative contribution exhibiting a near lin-
ear increase from the central to the eastern area. Meanwhile,
these feedbacks have nearly no effect upon the far western
Pacific (WP), where the mean TH is too deep and the zonal
mean SST gradient is too small. The contributions from the
other oceanic processes in Eq. (1) are very small, so they are
not shown in the figure. Overall, this observational analysis
indicates that the ZA feedback (a parabolic shape with max-
imal strength located in the CP) and the vertical upwelling
processes (a near linear increase in strength from the CP to
EP) play the dominant roles in the development of the SST in
the CP and central–eastern Pacific, respectively.

2.2. Model
A linear air–sea coupled model of the equatorial Pa-

cific (GMODEL V3.0) is used in this study (Burgers et al.,
2002; Burgers and Van Oldenborgh, 2003), which can be
obtained at http://www.sciamachy-validation.org/research/
CKO/gmodel.html. Its oceanic dynamic component is a
wind-forced linear shallow water (“1.5 layer”) model of a
baroclinic mode on a beta plane.

The atmospheric model comprises simple bivariate linear
regression patterns of observed wind stress anomalies to ob-
served SST anomalies in the Niño3 (5◦S–5◦N, 90◦–150◦W)
and Niño4 (5◦S–5◦N, 160◦E–150◦W) regions (Burgers and
Van Oldenborgh, 2003), based on the reality that these two
fields are coupled quite well in the equatorial Pacific region.
These regression patterns are then combined with noise and
used during the run to calculate the likely atmospheric re-
sponse to model SST anomalies. Details can be found in
Burgers and Van Oldenborgh (2003) and Fang and Zheng
(2014).

Given the response of SST to TH depth and wind stress
anomalies, the SST model (Burgers and Van Oldenborgh,
2003) is valid only in the central and eastern equatorial Pa-
cific, i.e.,

dT ′

dt
= α(x)h(x,y)+β(x)τx(x,y)−γ(x)T ′(x,y) , (2)

where the factors α, β and γ determine the strength of the

TH feedback (i.e., the term proportional to the anomalous
TCD h), zonal wind stress feedback (i.e., the term propor-
tional to the anomalous zonal wind stress τx), and the relax-
ation term (i.e., the term proportional to the anomalous SST
T ′), which vary considerably along the equator (Fig. 1b). It
can be seen, in the EP, that the SST tendency is linearly re-
lated to the TH depth anomaly, with the coefficient depending
on longitude and becoming stronger in the EP (dotted line in
Fig. 1b). Comparing with the observation in Fig. 1a, this dis-
tribution bears a strong resemblance to the vertical upwelling
processes (red line), which means the TH feedback defined in
the model actually contains both the TH and EK feedbacks.
In the CP, where the ZA feedback dominates, a term propor-
tional to the anomalous zonal wind stress, but not the zonal
current, is used in the SST equation. As stated by Burgers
and Van Oldenborgh (2003), the disadvantage of this setting
is that the zonal velocity fluctuations that are not related to
local zonal wind stress variations are not taken into account.
The zonal wind stress feedback is not equivalent to the ZA
feedback. Comparing with Fig. 1a, the distribution of this
coefficient (dashed line in Fig. 1b) also bears a strong re-
semblance to the observational linear contribution of the ZA
feedback to the SST development (black line). These com-
parisons indicate that the simple modeling of the major pro-
cesses influencing the SST development is quite reasonable.
In addition, the strength of the linear damping processes in
the SST equation is also shown by the solid line in Fig. 1b.

In the simulations, external noise in the form of wind
stress variations forces the oceanic shallow water model and
induces the variation of the TH depth. The TH depth and
zonal wind stress anomalies influence the SST through the
TH and wind stress feedbacks. The varied SST in turn im-
pacts the zonal wind stress anomalies through the atmo-
spheric model, and so on. Details of the model description
and its performance when simulating ENSO can be found in
related articles (Burgers et al., 2002; Burgers and Van Old-
enborgh, 2003; Philip and Van Oldenborgh, 2010; Fang and
Zheng, 2014; Zhang et al., 2015; Zheng et al., 2015). In this
study, each experiment conducted in GMODEL lasts for 100
years, and the analyzed period is the final 50 years.

3. Modification of GMODEL and its perfor-

mance

3.1. Modifying GMODEL to GMODEL-ZA
As mentioned above, many observational analyses have

indicated that the ZA feedback is the dominant dynamic pro-
cess for the development of CP ENSO. However, GMODEL
does not directly represent this term, but instead utilizes a so-
called wind stress feedback. To better depict the ZA feedback
and measure its impact on the ENSO events, the wind stress
feedback must be modified into the correct ZA feedback,
which linearly correlates with the zonal current anomaly [i.e.,
u in Eq. (3)], but not the zonal wind stress anomaly, i.e.,

dT
dt
= α(x)h(x,y)+β(x)u(x,y)−γ(x)T (x,y) . (3)
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The feedback strength distribution remains due to its strong
resemblance to the observations. To distinguish from
the original GMODEL, the modified GMODEL is termed
GMODEL-ZA.

3.2. Performance of GMODEL-ZA when simulating
ENSO events

As a linear air–sea coupled model, the simulated ENSO
pattern is quite unique. For this reason, and for achieving
results that are more physically consistent, the method of
combined empirical orthogonal function (CEOF) analysis is
a straightforward way to exhibit the distribution of the simu-
lated ENSO phenomenon. Figure 2 shows the leading CEOF
patterns of the anomalous SST, zonal wind stress (Taux), and
TCD of the 51st–100th model years simulated by GMODEL-
ZA, which is termed the CTRL run. Also, the observational
composites of the anomalous SST, Taux and TCD during the
developing phase of EP El Niño are illustrated in the right-
hand panels. It can be seen that the patterns of the three fields

are strongly coupled together and exhibit typical EP ENSO
patterns, i.e., from the perspective of the positive phase, the
major warming occurs in the EP, while the cooling part shows
a lateral V-shape with the corner located in the west; the
strong westerlies are mainly located in the CP and WP, while
the weak easterlies are located in the EP and far WP; the TCD
pattern is similar to that of the SST, with the TCD deepening
in the EP while shallowing in the west. As the TCD feedback
is much stronger in the EP than in the WP, the SST variation
in the WP is relatively weak, although the local TCD vari-
ation is intense. The patterns of TCD and Taux are tightly
linked by the Sverdrup balance, i.e., the balance between the
zonal wind stress and the TH depth tilt along the equator (Jin,
1997). This indicates GMODEL-ZA can capture the major
patterns of EP ENSO successfully, as well as the coupled re-
lationships among the air–sea fields.

To depict the variation of the ENSO system, Fig. 3a
shows a time–longitude diagram for monthly SST anomalies
along the equator, with the last 10 years (91–100) enlarged

Fig. 2. Leading CEOF patterns of the 51st–100th model years simulated by the CTRL run (left-hand panels) and the
observational composites of the developing phase of EP El Niño (right-hand panels) for (a, b) SST, (c, d) Taux and
(e, f) TCD. The numbers at the top of (a) indicate the percentage of variance explained by the CEOF mode. Contour
intervals for (a–f) are 0.4◦C, 0.4◦C, 0.01 N m−2, 0.004 N m−2, 10 m, and 10 m, respectively. Purple dashed lines in
each panel are along the equator and dateline.
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Fig. 3. Time–longitude diagrams of the monthly SST anomalies in the equatorial Pacific during the 51st–100th
(left) and 91st–100th (right) model years simulated by the CTRL run. Purple dashed line in each panel is along
the dateline.

in Fig. 3b. SST anomalies consistently propagate eastward,
with the amplitude small in the west and gradually amplify-
ing from the CP to the east under the combined effects of the
ZA and TH feedbacks. This is the typical variation of the
traditional EP type of ENSO, as indicated by both delayed
oscillation and recharge oscillation. Calculating the power
spectrum of the Niño3.4 (5◦S–5◦N, 120◦–170◦W) SST in-
dex, the major period of this CTRL run is 4.04 years, which
is consistent with observations (Kao and Yu, 2009). This ex-
periment indicates that GMODEL-ZA can capture the main
characteristics of EP ENSO reasonably well, reflecting that
the standard TH feedback is much stronger than the ZA feed-
back in influencing the SST development. However, being
a linear model, it can only simulate a unique pattern, which
means it cannot simulate the CP ENSO or the asymmetries
between El Niño and La Niña.

4. Simulating CP ENSO in GMODEL-ZA

Observational analyses have indicated that the occurrence
and development of CP ENSO are mainly concentrated in the
CP region, where the TCD is too deep to effectively impact
the SST development. Instead, the ZA feedback related to
the mean zonal SST gradient and anomalous zonal current
plays the dominant role. As a result, if the TH feedback is
not weakened in the model, even though the original warm-
ing center occurs in the CP, the SST in the EP will grow to be
higher than that in the CP during the developing period and

will make the event into an EP type eventually, due to the TH
feedback being much stronger than the ZA feedback. Thus,
to solely simulate the characteristics of CP ENSO, the TH
feedback in GMODEL-ZA is switched off [i.e. the first term
on the rhs of Eq. (3) is removed]. This experiment is termed
the CP ENSO run.

Figure 4 shows the leading CEOF patterns of the anoma-
lous SST, Taux and TCD of the 51st–100th model years simu-
lated in the CP ENSO run, along with the observational com-
posites during the developing phase of CP El Niño illustrated
in the right-hand panels. It indicates that the patterns are to-
tally different from those of the CTRL run. From the perspec-
tive of the positive phase, the major warming center is situ-
ated in the CP while the weaker warming occurs in the east-
ern region; the corresponding westerly wind stress anomalies
are also in the CP and WP, with a significant westward shift
compared with the CTRL run, and the easterlies in the EP
have a larger zonal stretch and amplitude. These results are
consistent with the observations. The TCD anomalies still
show a west-shallowing–east-deepening pattern, but the pos-
itive TCD anomalies show a westward shift and are located
in the CP and EP, while negative anomalies are limited to
the west and have a narrower zonal stretch. The patterns of
TCD and Taux are also tightly linked by the Sverdrup bal-
ance, with a consistently westward shift. This indicates that,
after switching off the TH feedback and only retaining the ZA
feedback and the damping term, the air–sea interaction of the
equatorial Pacific can induce the major patterns of CP ENSO
reasonably well.
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Fig. 4. As in Fig. 2 but for the results simulated by the CP ENSO run.

Figure 5a shows the time–longitude diagram for monthly
SST anomalies along the equator, with the last 10 years (91–
100) enlarged in Fig. 5b. The major SST anomalies are
mainly located in the CP, with an eastward propagation from
the west to the CP, but no significant eastward propagation
from the CP to the east. This manifests the characteristic lo-
cal development of CP ENSO. It also shows that CP ENSO is
much weaker than the EP type, due to the weaker strength of
the ZA feedback compared with that of the TH feedback. The
power spectrum of the Niño3.4 SST index shows that the ma-
jor period of this CP ENSO run is concentrated in 2–3 years,
with 2.7 years being the most significant. This is also consis-
tent with observations (Kao and Yu, 2009). It should be noted
that, in the model, due to the TH (ZA) feedback mainly dom-
inating the EP (CP), the Taux center is located in the CP and
WP (more to the latter). Therefore, the balance relative to the
Taux is maintained by the TCD anomalies between the WP
and EP (CP). The system will take a longer (shorter) time
to propagate the signal between the two regions via Kelvin
and Rossby waves, producing a longer (shorter) period. The
relative role of the ZA and TH feedbacks in shaping the char-
acteristics of ENSO (including period and propagation ori-
entation) was also investigated by Zhu et al. (2011). Their

study mentioned that the more important the role played by
the ZA feedback, the higher frequency oscillations would be
observed, which is consistent with the results obtained here.

This experiment indicates that GMODEL-ZA without TH
feedback can capture the main characteristics of CP ENSO
reasonably well, confirming the dominant role played by the
ZA feedback. Nevertheless, because the model is linear, it
can only simulate a unique pattern and cannot simulate EP
ENSO or the asymmetries between El Niño and La Niña.

5. Simulating the two types of ENSO and

ENSO asymmetries in GMODEL-ZA

In the last two sections, the EP and CP types of ENSO
were simulated separately by the linear air–sea coupled
model GMODEL-ZA, confirming the dominant role played
by the TH and ZA feedbacks, respectively. In this section,
the two types of ENSO are simulated simultaneously in an
integrated setup. In addition, the asymmetries between the
two phases of ENSO are taken into consideration.

Since GMODEL-ZA is a linear model, the positive and
negative phases are totally symmetric, i.e., the characteristics
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Fig. 5. As in Fig. 3 but for the results simulated by the CP ENSO run.

of El Niño and La Niña are the same. In the observations,
however, the cooling center in La Niña is closer to the CP and
always has a relatively weak amplitude, compared with that
of El Niño. Physically, these two characteristics are tightly
correlated, i.e., when the cooling center is closer to the CP,
the SST variation there will be influenced by the relatively
weaker TH feedback than that in the EP type of ENSO, and
the relatively weaker ZA feedback than that in the CP type of
ENSO, which makes the amplitude of La Niña weaker than
EP El Niño and stronger than CP El Niño, since the TH feed-
back is stronger than the ZA feedback. To sum up, during the
developing period of ENSO, the sole EP (CP) El Niño will
be dominated by strong (relatively weak) TH (ZA) feedback
in the EP (CP), while La Niña will be influenced by both
weaker-than-EP El Niño TH feedback and weaker-than-CP
El Niño ZA feedback.

To simulate the characteristics mentioned above, a sim-
ple nonlinear control scheme is added to GMODEL-ZA—
namely, letting the model freely integrate at the beginning.
When the Niño3 or Niño4 SST index is greater than 0.35◦C,
the model is switched into the El Niño developing scheme.
Then, if the Niño3 index is greater than the Niño4 index, the
model is switched into the EP ENSO scheme, i.e., the ZA
feedback is turned off; and if the Niño3 index is less than
the Niño4 index, the model is switched into the CP ENSO
run scheme, i.e., the TH feedback is turned off. On the other
hand, when the Niño3 and Niño4 SST indices are both less
than −0.35◦C (since La Niña is difficult to divide into two
types), the model is switched into the La Niña developing
scheme. This scheme includes both the weaker-than-EP El

Niño TH feedback (i.e., multiplying the TH feedback of the
EP ENSO scheme by a factor of 0.5) and the weaker-than-CP
El Niño ZA feedback (i.e., multiplying the ZA feedback of
the CP ENSO scheme by a factor of 0.5), since the observa-
tionally anomalous cooling center during La Niña is located
west of the anomalous warming center during EP Niño but
east of that during CP Niño.

As the purpose of this experiment is to simulate the di-
versities in ENSO, Fig. 6 shows the leading two CEOF pat-
terns of the anomalous SST, Taux and TCD of the 51st–
100th model years simulated in this run, which is termed the
NLCTRL run. The following descriptions of the CEOF pat-
terns are all from the perspective of the positive phase. For
the first CEOF patterns, the three fields show an EP El Niño
pattern and explain 40.31% of the variation, with the warm-
ing SST area located in the EP region; accordingly, the TCD
deepens in the EP and shallows in the west, confirming the
important role played by the TH feedback over the EP. This
indicates that the primary SST variations exist in the EP, and
the TCD variations exhibit an east–west seesaw pattern. In
addition, the strong westerlies are mainly concentrated in the
CP and WP, while the weak easterlies are located in the EP
and far WP. For the second CEOF patterns (which explains
30.2% of the variation), the SST exhibits a distribution that is
more like the CP type of ENSO, but with a slightly eastward
shift; accordingly, the TCD deepens in the CP and shallows
on both sides. Compared to the CP type of ENSO (Fig. 4c),
the TCD of this pattern deepens more significantly in the CP.
This is because the TH feedback in this region plays a more
important role in this experiment for supporting the develop-
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Fig. 6. Leading two CEOF patterns of (a, b) SST, (c, d) Taux and (e, f) TCD of the 51st–100th model years simulated
by the NLCTRL run. The numbers at the top of (a) and (b) indicate the percentage of variance explained by the CEOF
modes. Contour intervals are 0.4, 0.01, and 10 for SST, Taux and TCD, respectively. Purple dashed lines in each panel
are along the equator and dateline.

ment of La Niña, as compared to that in the sole CP ENSO
simulation. In addition, Taux shows a pattern that is more like
the CP type, with the westerly wind stress anomalies show-
ing a significant westward shift compared with that of the EP
ENSO, and the easterlies in the EP have a larger zonal stretch
and amplitude.

Figure 7 gives the time–longitude diagram for monthly
SST anomalies along the equator. As expected, the SST vari-
ation patterns capture both the EP and CP El Niño types, with
the CP type having a weaker amplitude. Meanwhile, the cen-
ter and amplitude of some simulated La Niña events are also
situated between the CP and EP types of El Niño, which bear
a strong resemblance to the observations. The power spec-
trum of the Niño3.4 SST index shows that the major period
of this NLCTRL run is concentrated in 2–5 years, with 4.04
and 2.7 years being the most significant, which is also con-
sistent with the observations. This indicates that, through the
simple nonlinear control method, many ENSO characteris-
tics, including the CP and EP type of El Niño and the asym-
metries between El Niña and La Niña, can be captured well

using the simple linear air–sea coupled GMODEL-ZA.

6. Summary and discussion

It has been widely mentioned in observational analyses
that the TH and ZA feedbacks play a dominant role in the de-
velopment of EP and CP ENSO, respectively. In this paper, a
simple linear air–sea coupled model, GMODEL, is modified
to correctly describe the ZA process, which is linearly related
to the zonal current anomalies. This is then substituted for the
original so-called wind stress feedback that is linearly related
with the zonal wind stress anomalies in the model. The other
settings of GMODEL, including the strength distribution of
the TH and ZA feedbacks that bear a strong resemblance to
the observations, are retained. The modified GMODEL is
termed GMODEL-ZA. The results of the CTRL run mainly
reflect the characteristics of the typical EP type of ENSO.
This, on the one hand, demonstrates that the description of
the air–sea interaction in the equatorial Pacific is reasonable;
while on the other hand, it reflects the fact that the general
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Fig. 7. As in Fig. 3 but for the results simulated by the NLCTRL run.

purpose of previous ENSO models is to convincingly simu-
late the traditional EP type of ENSO, which is also referred
to as canonical ENSO.

The TH feedback in GMODEL-ZA is switched off to sim-
ulate the sole CP type of ENSO. This is done because the TH
feedback is much stronger than the ZA feedback in influenc-
ing the SST development, which will mean that even though
the original warming center occurs in the CP region, the SST
in the EP will grow to be higher than that in the CP during the
developing period, and the event will eventually develop into
an EP type. The results of this CP ENSO run indeed manifest
the main characteristics of CP ENSO, both in the anomalous
patterns and in the equatorial SST variations. These two ex-
periments confirm the dominant role played by the TH and
ZA feedbacks in the development of the EP and CP types of
ENSO, respectively.

However, because the model is linear, it can only simulate
a unique ENSO pattern on the specific settings, and induce to-
tally symmetric El Niño and La Niña events. To simulate the
characteristics of the two types of El Niño and all the ENSO
asymmetries, a simple nonlinear control scheme, which gives
different settings under these three circumstances, is added to
GMODEL-ZA. The result of this NLCTRL run indeed bears
a strong resemblance to the observations, i.e., it effectively
exhibits the characteristics of both the EP and CP types of
El Niño, and the center and amplitude of some simulated La
Niña events are also situated between the CP and EP types
of El Niño. This indicates that, through the simple nonlinear
control method, many ENSO characteristics can be captured
well using the simple linear air–sea coupled GMODEL-ZA,

largely due to the realistic description of the two most impor-
tant processes over the CP to EP regions, i.e., the TH and ZA
feedbacks, in the model.

Analyzing the historical simulation results of CMIP5,
Fang et al. (2015) indicated that most state-of-the-art mod-
els can accurately simulate the main characteristics of EP
ENSO, which was regarded as the only ENSO type before
the concept of the CP type emerged. This is also consistent
with the verification that the extended-range of ENSO had
met with encouraging results during the 1990s when the EP
type of ENSO prevailed (Kirtman and Schopf, 1998; Latif
et al., 1998; Chen et al., 2004). However, severe biases ex-
ist in models when capturing realistic CP El Niño structures,
i.e., barely any model can simulate the significantly weaker
warming anomalies in the EP (when compared to those in the
CP). This is also a reason why the ENSO forecast skill dur-
ing the recent period of 2002–11, when the CP type of ENSO
began to occur more frequently, is relatively low compared
to that in the 1980s and 1990s (Wang et al., 2010; Barnston
et al., 2012; Xue et al., 2013; Zheng et al., 2016). Many ob-
servational analyses have demonstrated that the ZA feedback
plays the dominant role in the development of CP ENSO.
The experiments conducted using GMODEL-ZA also con-
firm that, using a reasonable depiction of the ZA feedback,
the model can produce a reasonable simulation. Looking
back at the performance of GCMs, nearly all show a common
bias when constructing climatological SST distributions, i.e.,
the simulated cold tongue stretches much farther west than
observed. This leads to a significant equatorial cold SST bias
in the central–eastern Pacific, and pushes the largest mean
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zonal temperature gradient westward, giving it a narrower
zonal stretch than observed. Since the ZA process is the
combination of the anomalous zonal current and the mean
zonal temperature gradient, this model bias in the mean zonal
temperature gradient will give an inaccurate depiction of the
ZA feedback, and makes it difficult to simulate a realistic CP
ENSO.
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