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ABSTRACT

The mean climatology and the basic characteristics of the ENSO cycle simulated by a coupled model
FGCM-1.0 are investigated in this study. Although with some common model biases as in other directly
coupled models, FGCM-1.0 is capable of producing the interannual variability of the tropical Pacific, such
as the ENSO phenomenon. The mechanism of the ENSO events in the coupled model can be explained
by “delayed oscillator” and “recharge-discharge” hypotheses. Compared to the observations, the simulated
ENSO events show larger amplitude with two distinctive types of phase-locking: one with its peak phase-
locked to boreal winter and the other to boreal summer. These two types of events have a similar frequency
of occurrence, but since the second type of event is seldom observed, it may be related to the biases of the
coupled model. Analysis show that the heat content anomalies originate from the central south Pacific in
the type of events peaking in boreal summer, which can be attributed to a different background climatology
from the normal events. The mechanisms of their evolutions are also discussed.
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1. Introduction

The El Niño-Southern Oscillation (ENSO) is the
most prominent interannual variability in the trop-
ical Pacific. Since the pioneering work of Bjerknes
(1969), the understanding of ENSO has been greatly
enhanced (see the special issue of Journal of Geo-
physical Research, Vol. 103, No. CC7, 1998). Stud-
ies have revealed that the growth of ENSO is due
to the air-sea interactions in the tropical region and
that its oscillation may be attributed to the equa-
torial heat content change through ocean dynamics
(Bjerknes, 1969; Wyrtki, 1975, 1985; Zebiak and Cane,
1987). Many hypotheses have been put forward to ad-
dress the mechanisms of ENSO (Neelin et al., 1998;
Wang and Picaut, 2004), e.g., the delayed oscillator
hypothesis (Suarez and Schophf, 1988; Battisti and
Hirst, 1989), the recharge-discharge hypothesis (Jin,
1997), the western Pacific oscillator (Weisberg and
Wang, 1997), the unified oscillator (Wang, 2001), and

so on. Although these studies and hypotheses em-
phasized different aspects, most of them suggest heat
content change of the western Pacific as the precursor
of ENSO events. The heat content anomaly result-
ing from changes in the ocean surface wind field can
be memorized in the thermocline and provides a de-
layed feedback mechanism, which may play an impor-
tant role in the transition process of the whole coupled
ocean-atmosphere system. The good relationship be-
tween thermocline depth and ENSO events is demon-
strated by several studies (Li, 1997; Jin and An, 1999).
From the ocean study results (NCEP ocean reanaly-
sis: Wang et al., 1999), the heat content anomalies of
the western Pacific have been shown to possess a wide
meridional structure, and most are originated from
the off-equatorial region. Therefore, the exchanges of
equatorial and off-equatorial regions also have a sig-
nificant impact on ENSO cycles.

Coupled climate models are very important tools
for studying climate changes. Since the review of cou-
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pled models by Neelin et al. (1992), many new models
with higher resolutions and more complicated parame-
terizations have come into practical use. Most of these
models can reproduce the basic characteristics of the
mean climatology and they are widely used in stud-
ies of global climate changes, as well as the climate
system’s responses to external forcing. To correctly
simulate ENSO events is always an aim for coupled
models. Some simple coupled models have been able
to simulate ENSO-like phenomena (Zebiak and Cane,
1987; Suarez and Schophf, 1988) and clarify basic
ENSO dynamics. Nevertheless, some important pro-
cesses are omitted in these models. For example, a de-
scription of off-equatorial processes and remote effects
are still incomplete and the mean climate state is pre-
scribed artificially in these models. Thus we need more
complicated and more comprehensive air-sea coupled
model to help us better understand the air-sea inter-
actions and the evolution of ENSO cycles. Over the
past 20 years dramatic improvements have occurred
in our ability to simulate ENSO and today’s state-of-
the-art coupled models show a clear improvement over
previous generations in simulating tropical climatology
(Mechoso et al., 1995; Delecluse et al., 1998; Covey et
al., 2000; AchutaRao and Sperber, 2002, 2006; Guil-
yardi, 2006). Although these improvements are not
sufficient for a totally realistic ENSO simulation, it
provides an available model tool to study the tropical
Pacific in more detail.

In this study, through comparing the coupled
model’s results with observations, the model’s capabil-
ity in simulating the basic mean climate is analyzed,
and then further analysis of the model’s ENSO vari-
ability is made in order to understand: (1) the origin
and evolution of ENSO events in the coupled model,
and (2) the relationship between ENSO variability and
seasonal cycle change. The coupled model is described
in section 2. Section 3 presents the mean climate of
the FGCM-1.0 and compares them with observations.
Section 4 discusses the evolution and possible mecha-
nisms of two types of ENSO events in the FGCM-1.0.
A summary follows in section 5.

2. Coupled model FGCM-1.0 and data

The coupled model used in this study is the Flex-
ible General Circulation Model, version 1.0 (FGCM-
1.0) (Yu et al., 2002�Yu et al., 2004; Yu and Liu,
2004 and Yu et al., 2007), which was developed at
the State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid Dynam-
ics (LASG), Institute of Atmospheric Physics (IAP),
China Academy of Science (CAS).

The atmospheric model component of FGCM-1.0

Fig. 1. Global mean SST of FGCM-1.0 (◦C).

is the Community Atmosphere Model, version 2
(CAM2) (Collins et al., 2003), which was developed
at NCAR based on CCM3, in which several param-
eterization schemes were implemented, such as the
prognostic schemes of cloud water, the accumulation
of cloud amount, more accurate long-wave radiation
schemes for absorption and emission of water vapor,
and a penetrative convection scheme. The vertical
resolution of CAM2 was increased from 18 levels to
26 levels, while the horizontal resolution remained at
T42, which is about 2.8◦ × 2.8◦.

The oceanic model component of FGCM-1.0 is a
LASG/IAP Climate system Ocean Model (LICOM)
(Zhang et al., 2003; Liu et al., 2004). It is an updated
version of a general ocean circulation model based on
an OGCM developed by Jin et al. (1999). It cov-
ers from 75◦S to 65◦N (excluding the Arctic Ocean),
and restoring boundary conditions are used for tem-
perature and salinity at the northern and southern
boundaries. The most significant modifications in-
clude: horizontal and vertical resolutions can be spec-
ified freely; and several options exist for the various
physical parameterization schemes and parallel cod-
ing. In this study, the horizontal resolution of LICOM
is subscribed to 0.5◦×0.5◦, which means it is an eddy-
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Fig. 2. Annual mean SST (◦C) and wind stress vectors (N m−2) for (a) FGCM-1.0 and (b) the differ-
ence between FGCM-1.0 and observations. Contour intervals are 2◦C; SST greater than 28◦C and those
absolute values greater than 2◦C are shaded.

Fig. 3. Depth of thermocline (indicated by 20◦C isothermal) for (a) along the equator (2◦S–2◦N aver-
aged), and (b) meridional profile for the whole Pacific basin (120◦E–80◦W averaged). Solid lines are for
FGCM-1.0, dash lines for Levitus 98.

permitting OGCM. Thirty levels are used in the ver-
tical, with 12 equal levels in the upper 300 meters.
With the high horizontal resolution, LICOM is capa-
ble of resolving the equator waveguide and the passage
of Indonesian Throughflow (ITF).

CAM2 and LICOM are coupled through NCAR
coupler version 5 (Kauffman and Large, 2002). A
dynamic sea ice model—Community Sea Ice Model
(CSIM) (Wetherly et al., 1998), and a land model-
Community Land Model, version 2 (CLM2) (Bonan et
al., 2002) are also coupled. FGCM-1.0 has been stably
integrated for more than 300 years without a spin-up
process or any flux adjustments. The simulation ana-
lyzed in this study is taken from the model year 101
to 190. The observation datasets used includes NCEP
GODAS data (Kanamitsu et al., 2002) from 1979 to

2003, Levitus98 SST (Levitus et al., 1998), ERS wind
stress etc.

3. Coupled model simulations

3.1 Mean climate of the tropical Pacific

The simulated global mean SST does not show
any significant cooling or warming trend (Fig. 1). Be-
cause the model has no spin-up process in advance, the
global mean SST falls rapidly at the beginning, but it
comes to a stable state after the 50th model year.

The large-scale patterns of SST and wind stress
are captured by the coupled model. A major bias oc-
curs around the equator; the cold tongue penetrates
far too west into the western Pacific, and the warm
pool is thus divided into two parts (Fig. 2a). As the



836 ENSO PHASE-LOCKING IN AN OCEAN-ATMOSPHERE COUPLED MODEL FGCM-1.0 VOL. 24

Fig. 4. Longitude-time cross section of SST (◦C) and surface stress (N m−2) averaged for 5◦S–5◦N. Zonal and meridional
components of surface wind stress are shown as a wind vector; (b) the same as (a) except for the difference between
model and observations.

model simulates larger than observed trade winds, the
SSTs are slightly cooler in most parts of the ocean.
The cooling centers in the northern Pacific and ACC
(Antarctic Circumpolar Current) region are related to
the stronger wind stress (Fig. 2b) and too much sea
ice simulated in the model. Figure 2b also shows that
the wind stresses over the eastern Pacific and along
the western coast of Africa are weaker than the ob-
servations; therefore, upwellings in these regions are
weakened and the SSTs are warmer than the observed.
Warming centers are also found in the warm current
regions (Kuroshio Current and Gulf Current), which
may be related to the bias of the ocean model, such as
insufficient poleward heat transport etc.

Figure 3 shows the model simulation of the ther-
mocline, which is indicated by the 20◦C isothermal.
The depth of the 20◦C isothermal is shallower than in
the observations from the western Pacific to the Niño3
box, while it is deeper near the eastern Pacific coast
(Fig. 3a). The diverging wind stress anomaly over the
central Pacific (Fig. 2b) is responsible for the shal-
lowing of the thermocline and the convergence to the
eastern Pacific causes anomalous downwelling near the
coast that deepens the thermocline there. In the obser-
vations, there exist two warm centers of heat content
in the upper ocean of the tropical Pacific, which are
located at the subtropical regions of each hemisphere.
The tropical Pacific is a relatively cool area, with the
minimum located between 5◦–10◦N where the ITCZ
lies, which is due to the convergence of surface winds
in this region; the Ekman pumping effect would cause
strong upwelling that cools the upper sea water. The
20◦C isothermal represents the heat content distribu-

tion as shown in Fig. 3b. The model captures some
features of the thermocline pattern, but the depth of
the 20◦C isothermal is shallower across the subtropical
and tropical regions mainly due to the stronger wind
stress. What should be noted is that the model sim-
ulates the common bias of coupled models-a double
ITCZ. The thermocline near 10◦S is much shallower
than in the observations, and thus the air-sea coupling
is enhanced over the south Pacific in the model. This
may have impacts on the evolution of ENSO events.

3.2 Seasonal cycle

To understand the behavior of the equatorial Pa-
cific SST seasonal cycle between model and observa-
tions, Hovmöller diagrams of monthly mean SST and
surface wind stress averaged for 5◦S–5◦N are displayed
in Fig. 4. The model simulates a weaker SST annual
cycle in the eastern Pacific, but the semiannual cy-
cle in the western Pacific is not well reproduced (Fig.
4a). The model fails to simulate the gradual reduc-
tion of wind stress from the eastern to western Pacific.
Compared with observations, the zonal wind stress is
stronger in the western Pacific and weaker in the east-
ern part throughout the year. Horizontal wind diver-
gence is found around the dateline in the western Pa-
cific. Meridional wind in the eastern Pacific changes its
sign between January–May and June–December. The
northern wind component is much larger than the ob-
served; therefore, weaker upwelling in the eastern Pa-
cific leads to a warmer than observed SST in the latter
half of the year (Fig. 4b). The SST is about 1–2◦C
cooler in the central Pacific and the maximum SST in
the eastern Pacific during the spring season is missing
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Fig. 5. Time series of the Niño-3 index (solid) and the
variation of the 20◦C isotherm (long dashed line) in the
Niño-3 region.

Fig. 6. Lag correlation of Niño-3 index and the heat con-
tent of the upper ocean: left, along the equator; right,
5◦–8◦N averaged.

in the model, which may be related to the anomalous
upwelling caused by the cross equatorial wind.

3.3 ENSO

In this study, we adopt the SST anomaly (SSTA) of
the Niño-3 region (5◦S–5◦N, 90◦–150◦W) as the index
to analyze individual ENSO events. Figure 5 shows
the time series of the model Niño-3 index. The stan-
dard deviation is about 1.5◦C, which is nearly twice
the observed. According to power spectrum analysis of
the Niño-3 index, the model ENSO cycle has a period
of about three years; it is reasonable that this period
lies between two and seven years in the observations.
This improvement of the model ENSO period may be
related to the higher horizontal resolution. Figure 6
shows the lag correlation between the Niño-3 index and
the upper ocean heat content (indicated by the ocean

temperature of upper 300m). The propagation charac-
teristics in the model can be explained by the delayed
oscillator hypothesis (Suarez and Schophf, 1988; Bat-
tisti and Hirst, 1989); the anomaly starts from the sub-
surface of the western Pacific and propagates eastward
along the thermocline in forms of Kelvin wave pack-
ages. When the anomaly reaches the eastern Pacific, it
reflects and propagates westward along the off-equator
region that forms an ENSO cycle. Figure 6 shows the
model is also in agreement with the recharge-discharge
hypothesis (Jin, 1997). The heat content leads the
SST change by about six months in the Niño-3 box.
Prior to El Niño, the heat content builds up gradually
over the entire tropical Pacific (recharge) and during
El Niño the accumulated warm water is flushed to-
ward higher latitudes (discharge). After that, a nega-
tive heat content anomaly builds up in the equatorial
Pacific and finally leads to a La Niña event.

An El Niño event with a SSTA larger than 1.5◦C
is defined as a strong event in this study. With this
criterion, 21 strong El Niño and 20 strong La Niña
events are identified in the time series of 90 model
years. The composite analysis of strong El Niño events
shows two types of El Niño phase-locking: one locked
to boreal winter, with the warming starting from the
previous November and reaching its peak during the
next February, then terminating in August (Fig. 7a;
Type I); and the other locked to boreal summer, where
the warming starts from the previous September and
peaks during July or August (Fig. 7b; Type II). There-
fore, those 21 strong El Niño events can be further di-
vided into 10 Type I and 11 Type II cases. Similar
to the warm ENSO events, there are 9 Type I and 11
Type II cases in the total 20 strong La Niña events.
Besides the time structure shifting by six months, the
Type II events have weaker equatorial SST anoma-
lies and the persistence of warming is also about four
months shorter than Type I. The Type II El Niño
event appears to be a model bias; as such a behavior
is seldom seen in observations but is in other coupled
models (Guilyardi et al., 2003). Since La Niña events
develop in a similar way to El Niño, only with an op-
posite sign, the evolution and possible mechanisms of
El Niño events is mainly discussed in the next section.

4. Mechanisms for ENSO phase change

4.1 Type I El Niño event vs. 1997/98 obser-
vations

The 1997/98 El Niño is the strongest event of re-
cent years, and so a large amount of observations pro-
vide a pretty good benchmark to validate the model
simulations. Figure 8 shows the time-longitude sec-
tions of equatorial anomalies of SST, zonal wind and
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Fig. 7. The Niño-3 index of the composite of (a) Type I (10 cases) and (b) Type II (11cases). The
solid black line is the average of all cases of each type (◦C).

heat content. In 1996, the equatorial SST in the west-
ern Pacific was slightly warmer than usual (Fig. 8a)
due to the strong easterlies (Fig. 8b). The heat content
was also above normal (Fig. 8c). The warm anomalies
crossed the basin in successive Kelvin waves in early
1997 and triggered the SST warming of the eastern
Pacific (Fig. 8a). Due to SST-wind feedback described
by Bjerknes (1969), the warming in the central and
eastern Pacific was further amplified and reached a
peak at the end of 1997. The westerly anomalies were
characterized by the same eastward propagating char-
acteristics as the migration of heat content anomalies.
After the eastward migration of the positive heat con-
tent anomalies, the heat content of the western Pacific
was reduced and turned to a negative state in mid
1997 (Fig. 8c). The negative anomalies began to prop-
agate eastward in early 1998 and finally terminated
the warming in the central to eastern Pacific. These
equatorial phase changes have been described in great
detail by McPhaden (1999).

The simulated Type I El Niño events, with the peak
phase locked to boreal winter, resemble the observa-
tions well. The model composite shows many similar
features to the observations both in the spatial pat-
tern and time evolution (Figs. 8d–f). The heat content
anomalies originate from the western Pacific and prop-
agate eastward in forms of Kelvin waves, leading to the
SST change of the central to eastern Pacific (Fig. 8d),
while the westerly anomalies invade the central Pacific
(Fig. 8e). Major differences are: when the El Niño
event occurs, the whole tropical Pacific turns into a
warmer state; the SST warming extends far too west
into the western Pacific; the model fails to simulate
the gradual eastward propagation of the surface wind
stress seen in the observations; the easterly anomalies
in the western Pacific are too weak or even replaced
with westerly anomalies during the end of the warming

year; and the corresponding heat content of the upper
ocean is also weaker than in the observations.

Both in model simulations and the observations,
the heat content anomalies appear to first originate in
the northwestern Pacific (WNP) (figure not shown).
Many studies—for example, Wang et al. (1999)—have
suggested that evolution of the WNP heat content
anomalies is a precondition of ENSO phase transition.
What should be understood, then, is how the heat con-
tent anomalies accumulate in the WNP and in what
way do the anomalies propagate to the equator waveg-
uide. Two mechanisms have been proposed to explain
the WNP heat content change:

(1) The accumulated effect of the off-equatorial free
Rossby wave (Li, 1997),

(2) Local Ekman pumping caused by the local wind
field (Weisberg and Wang, 1997; Wang et al., 1999).

Figure 9 shows the time evolution of the heat con-
tent anomalies and six-monthly integrals of wind stress
curl averaged for 5◦N and 15◦N. Those two mecha-
nisms mentioned above do play a role in both the ob-
servations and in the model. The westward propaga-
tion of heat content anomalies can only reach about
140◦W, which implies the effect of off-equatorial free
Rossby waves is relatively weak to the WNP, and
within the longitude 120◦E to 170◦E the local wind
forcing seems to play a more important role (Figs.
9a and 9c). During early 1997 (corresponding to the
model warming year, Year 0), due to the positive
wind stress curl, the upwelling of Ekman pumping con-
tributes to the shallowing of the thermocline and de-
creases the heat content; the reverse mechanism can
be found in the year 1996 (Year−1) and 1998 (Year
+1), although the signals are weaker, especially in the
observations (Figs. 9b and 9d).

Figure 10 presents the time evolution of the heat
content anomalies zonally-averaged between 120◦E
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(a) (d)

(e)(b)

(f)(c)

Fig. 8. The time-longitude evolution of the anomalies along the equator: (a) and (d) SST anomaly
(◦C); (b) and (e) Zonal wind (N m−2); (c) and (f) Heat content of upper 300 m (◦C); (a)–(c) is the
observations of 1997/98 event in the GODAS dataset; (d)–(f) is the simulation of coupled model
FGCM-1.0; vertical coordinate stands for the evolution time from Year −1 to Year +1.

and 170◦E. The heat content anomalies originate in
the off-equator region and propagate equatorward;
they develop rapidly in the latter half of Year 0 (Fig.
10a). The six-month integral of wind stress curl is
well correlated with the off-equatorial heat content
anomalies, which further reveals the important role
of local wind stress forcing. The change of the wind
field is a response of the large-scale atmospheric cir-
culation to the SST change, which is known as the
Gill’s response (Gill, 1980) and suggests a negative

feedback for the ENSO turnabout. Near the end of
Year 0, the heat content anomalies propagate equa-
torward into the equatorial waveguide and they are
further transported to the central to eastern Pacific
by Kelvin waves, which change the equatorial eastern
Pacific, finally leading to the turnabout of the ENSO
event.

As the ocean component model of FGCM-1.0 has
a higher resolution, it can describe the ocean currents
in more detail, especially the complex currents in the
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(b)(a) 

(d)(c)

Fig. 9. The time-longitude evolution averaged between 5◦N and 15◦N: (a) and (c) Heat content
(◦C); (b) and (d) wind stress curl, integrated for six months. (a) and (b) are for the observations
of 1997/98 El Niño in the GODAS dataset; (c) and (d) are the simulation of the coupled model
FGCM-1.0.

tropical region. The analysis of oceanic currents sug-
gests that the heat content anomalies are carried to
the equatorial waveguide by complex northwestern Pa-
cific currents. The anomalies are first advected to the
west by the North Equatorial Current (NEC), and on
reaching the western boundary, they are transported
southward by the strong Mindanao Current. At about
5◦N the anomalies veer to the east and they are ad-
vected by the NECC to the southeast and then merge
with the Equatorial Under Current (EUC). Thus it
completes the displacement of heat content anomalies
from the northwest Pacific to the equatorial waveg-
uide, which is an important component of the whole
ENSO cycle.

4.2 Type II El Niño event

The coupled model simulates the second type of
ENSO event with a peak during the boreal summer,
which is seldom seen in observations. The only one
special case is the 1993 spring warming of the east-
ern Pacific, which is generally called aborted El Niño,
but it is not necessarily the same as Type II events in
the coupled model. Besides the time of peak warming

shifting by about six months, Type II events have a
weaker SSTA and a shorter warming period when com-
pared to Type I events (Fig. 11a). The heat content
anomalies of Type II events also show a pattern of
eastward propagation from the western Pacific (Fig.
11b). When considering the initiation of the anoma-
lies, it was found that the anomalies appear first in
the central south Pacific (Fig. 11c) and the role of the
WNP is relatively weaker. The wind stress curl is well
correlated to the heat content change, which further
indicates the role of the local effect of the south Pacific
(Fig. 11d).

The negative feedback mechanism of ENSO turn-
about discussed for Type I also works for the Type II
events. Major differences are the origin of the heat
content anomaly and their evolutions after the sum-
mertime of the warming year (Year 0). The SSTA of
Type I shows a small decrease after reaching the first
warm peak and then increases again to reach the sec-
ond maximum around February of the following year
(Year +1), while the SSTA of Type II drops directly to
a cold state (Fig. 7). It is proposed that this may be re-
lated to the model seasonal cycle and the bias of double
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(a) (b)

(c) (d)

Fig. 10. The time-longitude evolution averaged between 120◦E and 170◦E: (a) and (c) heat content
(◦C); (b) and (d) wind stress curl, integrated for six months. (a) and (b) are for the observation
of 1997/98 El Niño in GODAS dataset; (c) and (d) are the simulation for the coupled model
FGCM-1.0.

ITCZ. Gill’s response proposes that a warmer SSTA
along the equator will lead to a cyclonic wind stress
anomaly off the equator to the west of the warming
region in both hemispheres. When the SST becomes
warmer in the central to eastern Pacific, positive wind
stress anomalies appear in the WNP and southwest-
ern Pacific. However, the thermocline is much deeper
in the south Pacific (Fig. 3b), the air-sea coupling
strength is weaker than that in the WNP, and therefore
we see that the negative feedback is more significant in
the WNP and the heat content anomaly comes mostly
from the WNP region. Yet in the coupled model, due
to the double ITCZ, the thermocline shows a symmet-
ric distribution about the equator. The thermocline
in the south Pacific is much shallower when compared
to the observations, which implies that the anomalous
wind stress will play the equivalent role in the ENSO
turnabout in the model simulations.

As for the Type II events, when the central to east-
ern Pacific becomes warmer around October of Year
−1, negative wind stress curl occurs at the latitude
of about 10◦S, where the model simulates a shallower
thermocline compared to the observations (Fig. 3b).

Meanwhile, the Southern Pacific Convergence Zone
(SPCZ) is strong and active, and the upwelling caused
by the anomalous wind stress curl enhances the air-
sea coupling strength; cooler water is pumped upward
to reduce the SST and also the heat content in the
following 4–6 months. Such feedback is also seen in
the WNP, but it lags the south Pacific for about two
months. What should be noted is that the seasonal
cycle of the mean wind stress curl is larger than in
the observations in the Southern Hemisphere, with the
minimum located at 10◦S of April and 6◦S of August
(figure not shown). Therefore, the combined effect of
both the mean upwelling and anomalous upwelling will
contribute to terminate the warming in the Niño-3 re-
gion in the middle of the warming year (Year 0). The
displacement of the heat content from the south Pa-
cific to the equatorial waveguide is associated with the
Ekman drift driven by anomalous westerlies. Similar
mechanisms have been raised to explain the heat con-
tent propagation of a coupled model (Guilyardi et al.,
2003).

The impact of the south Pacific can also be found
in Type I events. The Niño-3 SSTA shows a small
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(a) (b)

(d)(c)

Fig. 11. The time-longitude evolution for Type II ENSO events in the coupled model FGCM-1.0:
(a) SST anomaly (◦C); (b) heat content along the equator; (c) heat content averaged between 140◦E
and 180◦E; and (d) Wind stress curl integrated for six months, averaged between 140◦E and 180◦E.

decrease during the summertime of the warming year,
and then increases again (Fig. 7a). Actually, it is still
not known why the negative feedback cannot termi-
nate the Type I events during the middle of the warm-
ing year. The composite analysis gives us some hints:
the negative feedback seems to prefer to be stronger in
the summer hemisphere when the atmospheric Gill’s
response is strongest; the anomalous wind stress curl
in the south Pacific of Type I is weaker than Type
II, which may be related to the large-scale climate
pattern; and the displacement of the heat content
anomaly are different between these two types of El
Niño events. Further studies are needed to understand
the differences.

5. Summary

In this study, the ability of a coupled model
FGCM-1.0 to simulate the mean climatology was vali-
dated, and further discussion was presented regarding
the possible mechanism of the phase-locking of ENSO
events in the model. The coupled model successfully
simulated the characteristics of the mean climatology
and the interannual variability in the tropical Pacific

without any flux corrections. The analysis of ENSO
cycles suggested that this model supports the basic
mechanisms proposed by various ENSO paradigms.

The coupled model FGCM-1.0 simulated a reason-
able ENSO period of about three years, although it
was too regular. Two types of phase-locking of ENSO
events were found in the model: one with its mature
phase locked to boreal winter and the other preferring
to mature during the boreal summer. Such behavior
of the Type II events was not frequently seen in the
observations. Type I events resembled cases in the
observations well, their space patterns and time evo-
lutions both being similar to the strong 1997/98 case.

The northwestern Pacific (WNP; 5◦–15◦N, 120◦–
170◦E) heat content anomalies were confirmed as the
precondition to the ENSO phase change of the Type
I events in the model. Ekman pumping caused by
the local wind field plays a dominant role in the heat
content change in the WNP region; if there are im-
pacts of the free Rossby wave, it may play a sec-
ondary role. The phase change of both types of event
in the model can be explained by a negative mecha-
nism involving the ocean and atmosphere coupled sys-
tem. For example, for Type I, as the SST rises in
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the central to eastern Pacific, the atmospheric Gill’s
response generates an anomalous cyclonic circulation
over the northwest Pacific, the anomalous wind stress
curl causes upwelling in the ocean, and the effect lasts
for several months and leads to a reduction in the local
heat content. After the formation of the negative heat
content anomalies, they are transported equatorward
through a complex oceanic current system that even-
tually leads to SST cooling in the central to eastern
Pacific. The displacement of the WNP heat anomalies
is highly complicated, and with the higher resolution
of the oceanic model LICOM, a possible path via the
mean oceanic currents of the northwest Pacific is sug-
gested. The anomalies can be effectively transported
into the equatorial waveguide through advection of the
mean currents, but other mechanisms, such as Ekman
drift, should also be considered to be of some impor-
tance. Further studies are needed.

The Type II ENSO events whose phase is locked
to boreal summer may be considered as a bias of the
coupled model. A similar negative feedback mecha-
nism also works for the phase transition of this type
of event, but the differences lie in the initiation of
the heat content anomalies and their propagation to
the equatorial waveguide. The south Pacific plays a
more important role in the evolution of Type II events.
Since the coupled model simulated Southern Conver-
gence Zone that was too strong and too zonal during
the austral summer, the large-scale atmospheric circu-
lation anomalies of the central-south Pacific may cause
the heat anomalies to first occur in this region and the
anomalous westerlies to drift an Ekman transport to
the equator. The shallower thermocline in the south
Pacific will enhance the air-sea coupling that further
contributes to the negative mechanism of ENSO turn-
about. Due to the shorter time of wind stress effect
and the displacement to the equator, the SST anoma-
lies do not fully develop and lead to a shorter warming
period.

The successful simulation of ENSO features in
many aspects by the coupled model FGCM-1.0 is en-
couraging, and thus it should be a useful tool to fur-
ther investigate the mechanisms of tropical variabili-
ties. A relationship between timing of El Niño onset
and subsequent evolution has been discussed by Horri
and Hanawa (2004), and some analysis of our model
shows that the onset may have relationship with the
phase-locking in a certain El Niño event. Analysis also
shows that the model prefers to simulate a certain type
of ENSO event under different background of climatol-
ogy, and with a 300-year integration it is possible to
discuss the decadal variability of ENSO. Much work
still needs for further investigation.
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