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Abstract

On the basis of more than 200-year control run, the performance of the climate system model of Chinese
Academy of Sciences (CAS-ESM-C) in simulating the El Nifio-Southern Oscillation (ENSO) cycle is evalu-
ated, including the onset, development and decay of the ENSO. It is shown that, the model can reasonably
simulate the annual cycle and interannual variability of sea surface temperature (SST) in the tropical Pacif-
ic, as well as the seasonal phase-locking of the ENSO. The model also captures two prerequisites for the El
Nifio onset, i.e., a westerly anomaly and a warm SST anomaly in the equatorial western Pacific. Owing to too
strong forcing from an extratropical meridional wind, however, the westerly anomaly in this region is largely
overestimated. Moreover, the simulated thermocline is much shallower with a weaker slope. As a result, the
warm SST anomaly from the western Pacific propagates eastward more quickly, leading to a faster develop-
ment of an El Nifio. During the decay stage, owing to a stronger El Nifio in the model, the secondary Gill-type
response of the tropical atmosphere to the eastern Pacific warming is much stronger, thereby resulting in a
persistent easterly anomaly in the western Pacific. Meanwhile, a cold anomaly in the warm pool appears as
aresult of a lifted thermocline via Ekman pumping. Finally, an El Nifio decays into a La Nifia through their
interactions. In addition, the shorter period and larger amplitude of the ENSO in the model can be attribut-
ed to a shallower thermocline in the equatorial Pacific, which speeds up the zonal redistribution of a heat
content in the upper ocean.
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1 Introduction

The El Nifio-Southern Oscillation (ENSO) originates from
air-sea interaction in the tropical Pacific (Bjerknes, 1969), with
the oceanic component named El Nifio and the atmospher-
ic component named the Southern Oscillation. The interan-
nual variation of the ENSO is quasi-periodic, appearing every
3-7 years. The warm phase and cold phase of the ENSO cycle,
known as El Nifio and La Nifia, are characterized by a positive
and negative sea surface temperature (SST) anomaly in the
tropical central and eastern Pacific, respectively (Philander,
1985). Usually, the ENSO tends to be phase-locked with the an-
nual cycle. It onsets in spring, reaching its peak in winter, finally
decaying in the following summer (Rasmusson and Carpenter,
1982). In addition, an El Nifio always shows a stronger anoma-
ly and a more significant influence than a La Nina (Larkin and
Harrison, 2002; An and Jin, 2004; Wu et al., 2010).

So far, several conceptual models have been proposed to re-
veal the mechanisms for the phase transition of the ENSO, such
as the trade wind relaxation (Wyrtki, 1975), the delayed action
oscillator (Suarez and Scorf, 1988), the equatorial recharge par-
adigm (Jin, 1997), the western Pacific oscillator (Weisberg and

Wang, 1997), and the advective-reflective model (Picaut et al.,
1997). Although some deductions based on the delayed action
oscillator have not been observed, it is widely accepted because
it can explain most of the observed features. The other three
paradigms are all derived from this model.

It has been shown that, there are two prerequisites for the
occurrence of an El Nifo, i. e., a westerly anomaly and a sub-
surface temperature anomaly in the western equatorial Pacific
(e. g., Li and Mu, 1999; Xue and He, 2007; Liu and Xue, 2012).
With a burst of the westerly anomaly in the western Pacific, a
warm Kelvin wave starts to propagate eastward along the ther-
mocline, leading to the occurrence of a positive SST anomaly
in the tropical eastern Pacific. Through the Bjerknes positive
feedback, an El Nino further develops and reaches its peak (Jin,
1997). While all the theoretical models are essentially the same
in explaining the development of an El Nifio, there are basic
differences in interpreting the transition process (Liu and Xue,
2010a, b). In particular, different aspects are emphasized in
these models, i.e., the reflection of the oceanic waves in the de-
layed action oscillator, the reduction of the heat content caused
by a Sverdrup divergence in the equatorial recharge paradigm,
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the easterly anomaly induced by the tropical western Pacific
anticyclone in the western Pacific oscillator, and the advection
and reflection of the oceanic waves in the advective-reflective
model.

Although the ENSO cycle is a self-sustaining oscillating
mode in the tropical air-sea coupling system (Philander and Fe-
dorov, 2003), there exhibits a strong nonlinearity in its intensity,
decay and impact (Xue and Liu, 2008; Liu and Xue, 2008; Liu
and Xue, 2010a, b). In addition, a random disturbance plays a
role in the occurrence of an ENSO event (Philander, 1983). More
comprehensively, the ENSO cycle is a product resulting from
the interactions at various spatio-temporal scales. Therefore,
a numerical model with fine physical processes is an essential
tool for understanding and predicting the ENSO.

From the early simplified Zebiak-Cane model (Zebiak and
Cane, 1987) to the complex atmosphere-land-ocean-ice ful-
ly-coupled models, there have been great improvements in
the simulation and prediction of the ENSO. Owing to imper-
fect physical processes, however, there exist notable biases in
ENSO simulation. On the basis of the results from the El Nifio
simulation intercomparison project (ENSIP) and phase 3 of the
coupled model intercomparison project (CMIP3), some biases
in the ENSO simulation were identified, i.e., a weak seasonal
phase-locking (Latif et al., 2001; AchutaRao and Sperber, 2006),
a shorter periodicity (Guilyardi, 2006; Guilyardi et al., 2009), a
stronger amplitude (Yu and Kim, 2010) and too far westward
extension of the equatorial cold tongue (Leloup et al., 2008).
Although the latest CMIP5 models showed an improvement in
the equatorial cold tongue and amplitude, a variety of feedback
mechanisms for the ENSO cycle have remained to be resolved
(Bellenger et al., 2014).

Since the early 1990s, a series of air-sea coupled models have
been developed in the Institute of Atmospheric Physics (IAP),
Chinese Academy of Sciences (CAS), and these models were
successfully used to simulate and predict the ENSO (Zhou and
Li, 1999; Zhou et al., 1999). Recently, a new generation climate
system model (hereafter referred to the CAS-ESM-C) was de-
veloped with a higher resolution and more complete physical
processes (Sun et al., 2012). On the basis of a long-term integra-
tion of the model, this study aims at evaluating its performance
in simulating the ENSO cycle, with a focus on the development
and decay of an El Nifio. The reminder of this paper is orga-
nized as follows: Section 2 describes the model, experiment de-
sign and observational data; the basic features of the simulated
ENSO cycle are shown in Section 3; in Section 4, we evaluate
the model's performance in the development and decay of an El
Nifio; the model's bias is discussed in Section 5; and a summary
is given in the last section.

2 Model, experiment and observational data

2.1 model and experiment

The climate system model of Chinese Academy of Scienc-
es is an atmosphere-ocean-land-ice fully coupled model with
a modular structure (Sun et al., 2012). The four components in
the model are coupled through the Coupler-6, which was in-
troduced from the National Center for Atmospheric Research
(NCAR). The atmospheric component is the fourth generation
atmospheric general circulation model (IAP AGCM4.0) devel-
oped at the IAP, with a horizontal resolution of 1.4°x1.4° and
26 vertical layers (Zhang, 2009). The oceanic component is the
LICOM1.0, with a horizontal resolution of 1.0°x1.0° and 30 ver-
tical layers (Liu et al., 2004). Besides, the land surface and sea

ice components are the NCAR CLM3.0 and CSIMS5, respectively
(Dickinson et al., 2006; Briegleb et al., 2004).

The model results used here are the pre-industrial control
integration. All the external forcing values are set to the level in
1850, when a solar radiation constant is 1365 W/m2, and green-
house gas mixing ratios (including CO,, CH,, N,0) are 284x1075,
79010712, and 275x10-12, respectively. For the integration of
atmosphere-land coupled model, the instantaneous fields on
January 1st of the 20th year are taken as the initial fields in the
atmosphere model and the land surface model, respectively.
The initial fields in the ocean model are set to December 31st of
the 2000th year in a 2000-year spin-up. There is no spin-up pro-
cess for the seaice model. The model has been run for 227 years.
It was shown that, after 20 years integration, the SST tends to be
fluctuated with no significant upward or downward trend, indi-
cating that the model reaches an equilibrium state (Sun et al.,
2012). Therefore, the model results from the 28th year to 227th
year are used and the model climate is based on the 200-year
mean.

2.2 Observational data

To evaluate the model's performance, various observational
data are employed: (1) SST dataset from Hadley Center with a
horizontal resolution of 1.0°x1.0° (Rayner et al., 2003); (2) EN3
subsurface sea temperature with a resolution of 1.0°x1.0° and
30 vertical layers (Ingleby and Huddleston, 2007); (3) the second
version of the daily reanalysis product taken from the National
Centers for Environmental Prediction (NCEP) with a horizon-
tal resolution of 2.5°x2.5° and 17 vertical layers (Kanamitsu et
al., 2002); (4) outgoing long-wave radiation (OLR) derived from
satellite observations of the National Oceanic and Atmospher-
ic Administration (NOAA) with a resolution of 2.5°x2.5° (Lieb-
mann and Smith, 1996); and (5) reanalysis product of the simple
ocean data assimilation (SODA) developed in the University of
Maryland with a resolution of 0.5°x0.5° (Carton et al., 2000). All
of the datasets cover the period from 1979 to 2012. In addition,
the seasonal mean in winter or summer is obtained from the
3-month mean during December-January-February or June-Ju-
ly-August.

3 Basic features of the ENSO cycle

Figure 1 shows the observed and simulated standard devia-
tions of the tropical Pacific SST in winter and summer. The max-
ima in winter are located in the tropical eastern Pacific, with a
largest value over 1.4°C (Fig. 1a). In summer, the maximum is
greatly reduced and confined to the southeastern Pacific (Fig.
1b). There exhibits a robust annual cycle of the interannual
variability in the tropical eastern Pacific. In general, the model
simulates the observed maxima in the tropical eastern Pacific
and its annual cycle (Figs 1c and d). However, there exist some
biases in the model. The simulated maxima are overly confined
to the equatorial regions, and the standard deviation is much
larger than the observation, with the maximum greater than
2°C. Because the interannual variability of the tropical Pacific
SST reflects the zonal redistribution of heat and mass in the
upper ocean, a larger standard deviation in the tropical central
and eastern Pacific will result in a smaller one in other regions
of the Pacific, especially in winter (Figs 1c and d).

On the basis of the method proposed by Trenberth (1997),
the SST anomaly in Nifio3.4 region (5°S-5°N, 170°-120°W)
is used to describe the ENSO activity (hereafter referred to
Nino3.4 index). As shown in Fig. 2, the observation exhibits a
strong power between 2 and 7 years, particularly between 3 and
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Fig. 1. The observed (a and b) and simulated (c and d) standard deviation of the sea surface temperature (°C) in the tropical Pacific

in boreal winter (a and c) and boreal summer (b and d).
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Fig. 2. The observed (a) and simulated (b) power spectra of the Nifio3.4 index. The dashed line indicates the 0.95 confidence level

for the red noise spectrum.

5 years. Instead, the simulated powers are more significant be-
tween 2 and 5 years, with a peak of 3 years. The period of the
ENSO in the model is shorter than the observation. It is also
noted that, the simulated peak power is much stronger than the
observation due to a higher frequency and stronger amplitude
of the ENSO.

When 3 month running-mean SST anomaly in the Nifio3.4
region is greater than or equal to 0.5°C within 5 consecutive
months, an El Nifio event can be identified (Trenberth, 1997).
During the period of 1979-2012, nine El Nifio events are thus
identified, i.e., 1982-1983, 1986-1988, 1991-1992, 1994-1995,
1997-1998, 2002-2003, 2004-2005, 2006-2007, 2009-2010, re-
spectively. It should be pointed out that, since the El Nifio event
during 1986-1988 is not phase-locked to the annual cycle (Liu
and Xue, 2010a), this event is excluded in the following com-
posite analysis. In addition, since the simulated stand deviation

in the Nifl03.4 region is nearly twice as the observation (Fig. 1),
the critical value for identifying El Nifio events in the model is
deliberately set to 1.0°C instead of 0.5°C in the observation. Ac-
cordingly, 70 El Nifio events are identified in the model.

Figure 3 shows the observed and simulated El Nifio events.
The El Nifio developing year (the decaying year) is marked with
“0” (“+1”) respectively. Usually, the composite Nino3.4 index
(indicated by the red line) becomes positive in April of Year
0, then increasing rapidly during the two consecutive stages,
reaching a peak around November and December. Afterwards,
it decays quickly with a negative value in June of Year +1, finally
turning into a La Nifia event (Fig. 3a). The model generally sim-
ulates the above observed features, but the simulated El Nifio
tends to develop more rapidly, reaching its peak in September
with 2 or 3 months earlier than the observation. By contrast,
the decaying process agrees well with the observation. Thus a
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the solid red lines indicate the composite of all El Nifio events.

longer time for the El Nifio peak phase is found in the model.
Besides, much stronger amplitude of 4°C is found in the model
instead of 2°C in the observation.

Although the El Nifo intensity in the model is generally over-
estimated, the intensity of each event can still be distinguished.
Clearly, the El Nifio events with different intensity decay into a
different state. Statistically, about 60% of the simulated El Nifio
events decay into a La Nifia event, and 29% decay into a normal
state. Therefore, the composite results actually reflect the signal
of strong El Nifio events. This fact indicates that, the nonlinear
relationship between the El Nifio intensity and its decaying re-
sult revealed by Liu and Xue (2010a, b) is also reproduced by
the model.

4 The ENSO cycle

4.1 Occurrence and development of an El Nifio

It has been revealed that a positive subsurface heat content
anomaly in the western tropical Pacific is one of prerequisites
for the occurrence of an El Nifio. In general, there appears a
robust anomaly 6 months to 2 years before an El Nifio occurs
(Li and Mu, 1999; Zhou et al., 1999; Liu and Xue, 2012). Figure
4 shows the depth-longitude cross-section of the subsurface
temperature anomaly. In January of Year 0 (Fig. 4a), a positive
anomaly appears in the western equatorial Pacific, and its max-
imum extends eastward to the dateline. Afterwards, the warm
anomaly further propagates eastward (Fig. 4c). By July, the
equatorial eastern Pacific is occupied by a positive SST anom-
aly with an average value greater than 0.5°C (Fig. 4e), signaling

the occurrence of an El Nifio. In October of Year 0 (Fig. 4g), the
anomaly continues to develop locally in the eastern Pacific, and
reaches a peak in winter (Fig. 4i). The model generally simu-
lates the eastward propagating process, but it overestimates the
propagating speed with a shallower anomaly than the observa-
tion (Figs 4b, d, f, and h). As shown in Fig. 4f, when an El Nifio
occurs, the simulated maximum has arrived at 120°W instead of
130°W in the observation (Fig. 4e).

The maintenance of the equatorial westerly anomaly is also
necessary for the occurrence of an El Nifio (Liu and Xue, 2012).
By exciting a warm Kelvin wave, it pushes the accumulated
warm water in the western Pacific to propagate eastward along
the subsurface. As shown in Fig. 5a, prior to the occurrence of
an El Nifio, there exhibit twice enhancements of the westerly
anomaly in the tropical western Pacific in spring and summer,
respectively. Compared with the observation, the model fails to
simulate the enhancing process in a stepwise manner (Fig. 5b).
Instead, the westerly anomaly in the model tends to intensify
very rapidly from April of Year 0, and then propagates eastward
faster than the observation. As a result, the subsurface anomaly
also propagates faster (Fig. 4).

It was revealed that, the westerly anomaly in the tropical
western Pacific can be attributed to the boundary forcing and
the air-sea interaction, but they play a different role at different
stages (Liu and Xue, 2008). In spring, a weak anti-Walker circu-
lation arising from the Bjerknes positive feedback is found due
to a weak warming in the eastern Pacific. Therefore, the me-
ridional forcing from the extratropics is more important to the
burst of the equatorial westerly anomaly. In both observation
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Fig. 6. The observed (a) and simulated (b) composite 850 hPa wind fields (m/s) in April of the El Nifio developing year.

and simulation, a meridional wind anomaly is evident in both
hemispheres (Fig. 6). In the model, however, a much stronger
cyclonic anomaly is found in the tropical northwestern Pacific
(Fig. 6b), resulting in too strong meridional forcing and westerly
anomaly in the equatorial Pacific. Accordingly, the simulated El
Nifio tends to develop faster due to a faster eastward propaga-
tion of the warm anomaly and the intensified Bjerknes positive

feedback in the tropical Pacific.

4.2 Decay of an El Nifio

Similar to the development, the decaying process of an El
Nino is also related to the eastward propagation of the nega-
tive anomaly in the western Pacific (Liu and Xue, 20104, b). As
shown in Fig. 7a, when an El Nifio reaches a peak, a significant
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negative anomaly appears in the western equatorial Pacific.
Meanwhile, due to a Gill-type response to the SST warming in
the eastern equatorial Pacific, a pair of the cyclonic wind stress
anomalies is found in the central Pacific (Fig. 8a). With a lift of
the thermocline via Ekman pumping, the local convection is
suppressed due to a reduced local SST. Through a secondary
Gill-type response (Fig. 8a) (Liu and Xue, 2010a), there appears
an anomalous anticyclone in the tropical northwestern Pacific
along with an easterly anomaly to the south.

Owing to a local air-sea interaction, the anomalous anti-
cyclone maintains for a long time, and it propagates eastward
slowly, leading to a persistent propagation of the easterly anom-
aly (Fig. 5a). As a result, a cold Kelvin wave is excited on the sub-
surface, and the cold anomaly propagates eastward from the
western Pacific to the eastern Pacific (Figs 7c, e, and g). This pro-
cess is well simulated by the model although with a relatively
flatter signal (Figs 7b, d, f, and h). Besides, the simulated decay-
ing speed is close to the observation, as also seen in Fig. 3. This
is different from the developing process as mentioned above.

The above decaying process is similar to the western Pacif-
ic oscillator theory (Weisberg and Wang, 1997), in which the
mechanism for the phase transition is only effective for a strong
El Nifio. For a moderate El Nifio, however, the mechanism fails
to work after the peak phase. As a result, the moderate El Nifio
tends to restore to a normal state in the eastern Pacific (Liu and
Xue, 2010b). Owing to an overestimated intensity, the mech-
anism is particularly important to the phase transition in the

SU Tonghua et al. Acta Oceanol. Sin., 2015, Vol. 34, No. 1, P. 55-65

model.

5 Discussion

On the basis of a simple coupled ocean-atmosphere mod-
el, Fedorov and Philander (2001) found that there are two types
of unstable modes in the tropical ocean-atmosphere coupling
system. With a deeper thermocline, one mode possesses a lon-
ger period of several years. Instead, a shorter period of about
2 years is found in the other mode, which requires a shallower
thermocline. Furthermore, the period and the amplitude of the
ENSO are closely related to the climate state in the tropical Pa-
cific, especially the thermocline (Guilyardi, 2006).

Figure 9 shows the climatological mean subsurface tem-
perature in different seasons. A much shallower thermocline is
simulated by the model in the equatorial Pacific, especially in
the warm pool region. As indicated by the 20°C isotherm, the
observed thermocline is deeper than 150 m during all seasons.
Instead, the thermocline in the model is only about 130 m. Ac-
cording to the delayed oscillator theory (Suarez and Schopf,
1988), a shallower thermocline will reduce the interval of the
delayed feedback and speed up the wave propagation in the up-
per ocean. As a result, the subsurface heat content anomaly in
the model propagates eastward faster, hence the El Nifio events
occur more frequently.

Also evident in Fig. 9 is a weaker slope of the thermocline in
the model, which is corresponding to a weaker wind stress due
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which can approximately represent the depth of thermocline.

to a balance between the tilt extent and the wind stress. As seen
in Fig. 10a, an easterly wind (i.e., the trade wind) prevails in the
equator all the year around. In the model, however, a weaker
wind stress is simulated (Fig. 10b), as indicated by the westerly
wind stress discrepancy (Fig. 10c). Accordingly, less warm water
is accumulated in the western Pacific, and the thermocline in
the eastern Pacific tends to be deepened. Consequently, more
frequent El Nifio events occur in the model due to a faster prop-
agation of ocean waves along the thermocline with a weaker
slope.

In fact, a shorter period of 2-3 years in the ENSO cycle is
simulated by most of the early models participating the CMIP
(AchutaRao and Sperber, 2006; Guilyardi et al., 2009). In CMIP5,
more models tend to simulate a longer period owing to a better
representation of the climatological mean SST and zonal wind
stress in the equatorial Pacific (Bellenger et al., 2014). While
the depth and slope of the thermocline in the wind-stress-
driven ocean model are close to the observations (Liu et al.,

2004), a weaker wind stress in the tropical Pacific is found in
the SST-driven AGCM (Zhang, 2009). In the coupled model, the
weaker wind stress can lead to a shallower thermocline, which
in turn reduces the zonal pressure difference and exaggerates
the bias in the wind stress in the tropical Pacific. Therefore, it is
important to improve the wind stress in the atmospheric model
for a better simulation of the ENSO period.

6 Conclusions

By using more than 200 years simulation of the climate sys-
tem model of Chinese Academy of Sciences (CAS-ESM-C), we
have evaluated the model performance in simulating the ENSO
cycle, with a focus on the developing and decaying processes.
The major conclusions are summarized as follows.

(1) The model generally simulates the annual cycle and in-
terannual variability of the SST in the tropical Pacific. Besides,
the model reproduces the phase-locking feature of an El Nifio,
i.e., onset in spring, peak in winter and decay in the following
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Fig. 10. The observed (a) and simulated (b) annual mean surface wind stress, and the difference between simulation and obser-

vation (c).

summer. Compared with the observation, however, the sim-
ulated ENSO exhibits a much stronger amplitude and shorter
period of 2-3 years.

(2) The model reasonably simulates two prerequisites for
the occurrence of an El Nifio, i.e., the warm water accumula-
tion and the westerly anomaly in the western equatorial Pacific.
Owing to a stronger meridional forcing from the extratropics,
the model overestimates the westerly anomaly in the equatorial
western Pacific. Moreover, due to a shallower thermocline in the
model, the El Nifio tends to develop faster along with a faster
eastward propagation of the subsurface warm anomaly.

(3) Owing to a secondary Gill-type response to the tropical
eastern Pacific warming and a lifted thermocline via Ekman
pumping, a cold water anomaly and an easterly anomaly are
found in the western Pacific. This mechanism is only effective
for a strong El Nifio event. The response in the model occurs
more frequently due to an overestimated intensity of the El
Nifio.

(4) A more frequent occurrence of the ENSO in the model
is closely related to a shallower thermocline, which speeds up
the zonal redistribution of the heat content in the upper Pacif-
ic Ocean. A further analysis shows that, the shallower thermo-
cline can be attributed to the weaker wind stress in the equator.
Therefore, it is necessary to improve the wind bias in the model.
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