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ABSTRACT

A high-resolution tropical Pacific general circulation model (GCM) coupled to a global atmospheric
GCM is described in this paper. The atmosphere component is the 5◦×4◦ global general circulation model
of the Institute of Atmospheric Physics (IAP) with 9 levels in the vertical direction. The ocean component
with a horizontal resolution of 0.5◦, is based on a low-resolution model (2◦ × 1◦ in longitude-latitude).
Simulations of the ocean component are first compared with its previous version. Results show that the
enhanced ocean horizontal resolution allows an improved ocean state to be simulated; this involves (1) an
apparent decrease in errors in the tropical Pacific cold tongue region, which exists in many ocean models,
(2) more realistic large-scale flows, and (3) an improved ability to simulate the interannual variability
and a reduced root mean square error (RMSE) in a long time integration. In coupling these component
models, a monthly “linear-regression” method is employed to correct the model’s exchanged flux between
the sea and the atmosphere. A 100-year integration conducted with the coupled GCM (CGCM) shows
the effectiveness of such a method in reducing climate drift. Results from years 70 to 100 are described.
The model produces a reasonably realistic annual cycle of equatorial SST. The large SSTA is confined to
the eastern equatorial Pacific with little propagation. Irregular warm and cold events alternate with a
broad spectrum of periods between 24 and 50 months, which is very realistic. But the simulated variability
is weaker than the observed and is also asymmetric in the sense of the amplitude of the warm and cold
events.
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1. Introduction

It is now well recognized that the El Niño-Southern
Oscillation (ENSO) phenomenon results from coupled
ocean-atmosphere interactions in the tropical Pacific.
For more than a decade, beginning with the early work
of Cane et al. (1986), the development of a variety of
ocean-atmosphere coupled models of varying complex-
ity and the application to problems of the ENSO phe-
nomenon have been an area of active research (Latif
et al., 1993; Ji et al., 1994; Rosati et al., 1997, Wang
et al., 2000; Kirtman et al., 2002). Latif et al. (1998),
Schneider et al. (2003) and references therein contain
a comprehensive review of ENSO prediction and pre-
dictability research.

Simulating and predicting natural variability in the
tropical Pacific has proven to be an ideal test bed for
coupled models, and there has been a number of com-

parison studies that document how well the different
model formulations reproduce the observed climate.
However, a persistent and troublesome problem with
many Ocean General Circulation Models (OGCMs)
with a horizontal resolution of about hundreds of kilo-
meters is an excessive cold tongue in the eastern trop-
ical Pacific. For instance, the problem was identified
by Gordon and Corry (1991) when using a version of
the Geophysical Fluid Dynamics Laboratory (GFDL)
model. Harrison (1991) also found the same prob-
lem. The issue of the equatorial excessive cold tongue
was examined in a controlled OGCM comparison insti-
gated by the Tropical Ocean Global Atmosphere Nu-
merical Experimentation Group (TOGA NEG). The
results showed that all models in use displayed a cold
bias in the equatorial upwelling region despite the fact
that the bias varied from 0.5◦C to 2◦C. The report
of the detailed comparison was given by Stockdale et
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al. (1993). From their work and the following exper-
iments, an overall conclusion was drawn that a high-
resolution, low-viscosity equatorial model is necessary
for a good representation of the equatorial currents,
which in turn is of critical importance for the heat
budget and hence the simulation of SST (Stockdale et
al., 1998). The cold bias can affect the heat budget of
the upper ocean, which in turn leads to erroneous ex-
changed flux in the coupled model. So a fine horizontal
resolution oceanic model is preferable.

ENSO simulation and prediction have been con-
ducted at the Institute of Atmospheric Physics (IAP),
Chinese Academy of Sciences (CAS) since the 1990s.
Zhang and Endoh (1992) developed a tropical Pacific
model with a horizontal resolution of 2◦ × 1◦. Then
Zhang et al. (1995) coupled this ocean model to a
global two-level atmospheric GCM. The coupled model
was improved by Zhou et al. (1999) with an altered
coupling strategy. But due to the low horizontal res-
olution, the ocean model produced an excessive cold
tongue in the central equatorial Pacific with a magni-
tude of about 2◦C. This problem in the ocean model
affected the spatial structure of the ENSO simulation
in the coupled model. Therefore, it is an urgent task
to increase the horizontal resolution. On the other
hand, some research (Chao and Fu, 1995; Bleck et al.,
1997; Maltrud et al., 1998) has shown some obvious
improvement in the ocean model with resolutions rang-
ing from (1/2)◦–(1/6)◦ when compared to the model
with a resolution of hundreds of kilometers. Given the
two reasons, the oceanic model was first improved by
increasing its horizontal resolution to 0.5◦.

Instead of a 2-level AGCM, the AGCM used in
this paper is a 9-level global general circulation model
with a 5◦ × 4◦ (longitude-latitude) horizontal resolu-
tion. Flux correction is employed in the coupled model
because CGCMs that do not use flux correction or
anomaly coupling are often unable to simulate both
the annual cycle and interannual variability. For ex-
ample, the Met Office model has a strong annual cy-
cle, no interannual variability, and substantial climate
drift (cooling). On the other hand, the model used
by Philander et al. (1992) produces realistic ENSO
variability but no annual cycle. These difficulties sug-
gest a dependency on the model formulation and the
coupling techniques. Given the difficulties with the
CGCMs, it is not surprising that the anomaly coupling
strategy was adopted by several groups (Leetmaa and
Ji, 1989; Ji et al., 1994; Kirman et al., 1997). The ba-
sic motivation of anomaly coupling remains the same.
Namely, it is used to prevent the myriad of problems
associated with rapid climate drift in the CGCMs from
overwhelming the simulations of anomalies, but the
implementations may be significantly different in the
various coupled models. The method effective in one
coupled model may fail in another. For example, the

typical anomaly coupling behaves badly in our coupled
models. So a statistical “linear-regression” method
was tried to reduce the model errors and thus prevent
“climate drift” in coupling the GCMs of IAP. The im-
plementation is quite different from the anomaly cou-
plings in other groups referred to above.

The remainder of this paper is organized as fol-
lows. Section 2 describes the component models and
the observation datasets used. The improvements of a
high-resolution tropical model compared to its previ-
ous version are given in section 3. The simulations
of the coupled GCM, including annual mean state,
the annual cycle and interannual variability related to
ENSO are compared to the observations in section 4.
Section 5 gives the concluding remarks.

2. Component models and datasets used

The atmosphere component is a 9-level global
AGCM of the Institute of Atmospheric Physics and
the ocean component is a high-resolution tropical Pa-
cific oceanic model. The ocean model computes SST
inside its domain. Outside its domain, the observed
climatological seasonal SST is specified. Because the
boundary of the ocean model is not a land surface,
along 30◦S and 30◦N, it is possible to have an abrupt
transition from computed to observed SST. The prob-
lem is avoided by modifying the computed SST within
5 latitudinal degrees of such artificial boundaries to
warrant a smooth transition.

2.1 Atmospheric model

The IAP-AGCM was developed at the Institute of
Atmospheric Physics of the Chinese Academy of Sci-
ences. It is a global grid point model with a 5◦ × 4◦

(longitude-latitude) horizontal resolution. The model
has 9 levels unevenly spaced in the vertical direction
with the upper model boundary at 10 hPa; for de-
tails, see Liang (1996). The operational design of the
model dynamics was completed by Zhang (1990). The
model uses a finite difference scheme that conserves
the “available” energy in the C-grid spherical coordi-
nate system (Zeng et al., 1987). The moisture trans-
port is predicted by the multidimensional positive fi-
nite advection transport algorithm of Smolarkiewicz
and Grabowski (1990). This scheme is nonoscillatory
with small diffusion so it predicts a positive definite
quantity with high accuracy. The model simulates
dry and moist convective adjustments and shallow and
penetrative cumulus convection. Shallow cumulus con-
vection is parameterized according to Albrecht et al.
(1986). Precipitation is produced by penetrative con-
vection and large-scale condensation. The large-scale
precipitation forms as a result of local super satura-
tion under stable conditions. The amount of cloud
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is diagnostically determined from the relative humid-
ity, vertical velocity, atmospheric stability, and con-
vective precipitation rate, following the Slingo (1987)
approach. Both solar and terrestrial radiation schemes
are adopted from the Community Climate Model ver-
sion1 (CCM1) of the U. S. National Center for Atmo-
spheric Research (NCAR), which is described in de-
tail by Kiehl et al. (1987). The land surface process
scheme follows that of Liang (1996). It consists of a
two-layer soil model, a surface energy balance model,
and a primitive plant canopy model coupled with a
planetary boundary layer model. The land surface
vegetation is grouped into 10 categories. For the IAP-
AGCM performance, see Bi (1993) for an overview.

2.2 An improved tropical Pacific ocean model

The tropical Pacific general circulation model was
first developed by Zhang and Endoh (1992). It is a free
surface model in σ coordinates. The dynamics of the
model are governed by the primitive equations under
hydrostatics and the Boussinesq approximation. The
model domain extends from 30◦N to 30◦S and 120◦E
to 69◦W in the tropical Pacific Ocean. The model hor-
izontal grid sizes are 1◦ in latitude and 2◦ in longitude.
The flat-bottom ocean is 4000 m deep. In the verti-
cal, σ is divided unequally into 14 levels with a 20-m
resolution in the upper 60 m and a 30-m resolution be-
tween 60 m and 240 m. So it is used mainly to simulate
the upper tropical Pacific Ocean. The model intro-
duces a standard stratification and contains a convec-
tive adjustment procedure when hydrostatical insta-
bility takes place. The lateral boundaries are assumed
to be “non-flip” and insulation, but at the north and
south boundaries the relaxation terms γ (T ∗− T ) and
γ (S∗−S) are added to the T −S equations§where T
and S are temperature and salinity respectively§γ is
the Newton cooling coefficient, which equals (60 d)−1,
and T ∗ and S∗ are the climatologies of Levitus (1982).

The horizontal resolution of the model is extended
to a much higher horizontal resolution of 0.5◦ × 0.5,
and a more realistic coastline is obtained from a real
0.5◦ × 0.5◦ tropical topography. The viscosity and
diffusivity coefficients, which must be relatively large
to resolve the viscous boundary layer in the low-
resolution model, are decreased accordingly. An em-
pirical fold-line form is taken to calculate the eddy vis-
cosity. The horizontal eddy viscosity is 0.5×103 m2

s−1 equatorward of 10◦ latitude; poleward of this, it
increases linearly to 0.5×104 m2 s−1 at 25◦N (S); and
then increases linearly to 0.7×104 m2 s−1 at 30.5◦N
(S). Vertical viscosities and diffusivities are computed
using the Richardson number formulation as described
by Pacanowski and Philander (PP) (1981) with back-
ground values of 10−4 and 10−5 m2 s−1. In consider-
ation of the harmony between the horizontal viscos-
ity and diffusivity with that of the vertical, the back-

ground values of the PP scheme were modified. In the
splitting scheme for barotropic and baraoclinic pro-
cesses, the time steps are 1.25 min and 0.5 h respec-
tively.

2.3 Observational datasets

For separately running the ocean model, the ex-
ternal forcing was obtained from various datasets.
The heat flux was computed in a Haney-type formula
(Haney, 1971) by using the data of ERA40 (Kallberg
et al., 2004). The FSU (Florida State University) wind
stress (Bourassa et al., 2001) was processed to fit the
model grid and was blended with the climatological
wind stress of Hellerman and Rosenstein (1983). The
fresh water flux was considered as E−P (evaporation
minus precipitation) by using the Surface Marine Data
(SMD94) developed by Da Silva et al. (1994). The
simulations of ocean models of different versions were
compared to WOA98 (World Ocean Altas) climatol-
ogy (Conkright et al., 1998). Sea temperature data
from the Joint Environmental Data Analysis Center
(JEDAC) and the Tropical Atmosphere Ocean project
(TAO) were also chosen for comparison.

In addition, some other data were also used for the
correction of exchanged flux in the coupled model. The
SMD94 together with ERA40 was used to drive the
OGCM to obtain a long-term integration. The sim-
ulation and the analysis data (ERA40, SMD94) were
used to get correction coefficients, which will be dis-
cussed in the coupling strategy.

3. Uncoupled simulations

3.1 AGCM

Figure 1a shows the time average of the sea surface
temperature (on the ocean) and ground temperature
(on the land) to force the atmosphere model. The do-
main enclosed by the heavy, straight black line is the
ocean model domain, outside of which the SST was
specified by the climatological observation data. The
sea level pressure is shown in Fig. 1b. The subtrop-
ical high is displaced equatorward in the southeast-
ern Pacific relative to its counterpart in the Northern
Hemisphere due to the SST distribution in the tropi-
cal Pacific. The heavy rainfall is predominantly in the
west, over the Indonesian Archipelago, where surface
pressures are low. Arid conditions prevail on the west-
ern coast of the Americas. All these climatological
features are in good agreement because the external
forcing used is the observations. More detailed simu-
lations can be found in Bi (1993).

3.2 An improved tropical Pacific OGCM

As discussed in the introduction, the big problem
in the equatorial Pacific is the excessive cold tongue.



628 MODELING THE TROPICAL PACIFIC OCEAN USING A REGIONAL COUPLED CLIMATE MODEL VOL. 23

 

 

 

 

Figure 1, Annual mean values of (a) ground temperature (ºC), which is specified except in the 

ocean domain enclosed by heavy straight lines in the tropical Pacific Ocean, (b) sea level pressure 

(contour interval 4mb); (c) total precipitation (contour interval mm/day).

Fig. 1. Annual mean values of (a) sea surface temperature (◦C), which is specified
except in the ocean domain enclosed by the box in the tropical Pacific Ocean; (b) sea
level pressure (contour interval 4 hPa); (c) total precipitation (contour interval 2 mm
d−1).
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Figure 2 (a) the difference of annual mean SST between the low-resolution model and WOA98 

climatology, (b) the same as (a) but for the high-resolution model (0.5º×0.5º), the contour is 0.5º

C. 

Fig. 2. The difference of annual mean SST between
the two models and the WOA98 climatology: (a) low-
resilution model, (b) high-resolution model (0.5◦ × 0.5◦).
The contour interval is 0.5◦C.

Figure 2 shows the difference between the annual mean
SST of the two models and the WOA98 climatology. In

the previous model, the cold bias in the central/eastern
equatorial Pacific is obvious, and the largest differ-
ence reaches −1.5◦C. The excessive cold bias covers
the region of 15◦N–15◦S and west of the dateline. In
the high-resolution model, the problem was indeed
amended in this region. Moreover, other areas with
bias were greatly diminished. In a large part of the
tropical region, the bias was about 0.5◦C, and only in
a small portion of the region did it reach −1◦C. Fig-
ure 3 gives the seasonal cycle of SST along the equator.
We note that in the boreal spring, the bias of the cold
tongue was larger than in the second half of the year.
And the difference relative to the observed climatology
is still approximately −1.5◦C, even with a reduction of
about 1◦C. The results also attest to the other works
mentioned in the introduction.

The change in horizontal resolution contributed to
a better simulation of the thermocline, thus resulting
in a better simulation of the subsurface temperature.
The distribution of the difference of temperature at the
depth of 75 m is given in Fig. 4. In the low-resolution
model, along 10◦N in the eastern Pacific, there is a
warm region centered at (10◦N, 135◦W) with a maxi-
mum value of 4◦C. This region stretches southeastward 

    

Figure 3, the time-latitude section of model’s SST minus climatology SST along equator for (a) 

low-resolution model and (b) the high-resolution model seperately, the contour is 0.5ºC. 

Fig. 3. The time-latitude cross section of model SST minus climatological SST along
the equator for (a) the low-resolution model and (b) the high-resolution model. The
contour interval is 0.5◦C.
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Fig 4 Difference of annually mean temperature at the depth of 75m , the interval is 1ºC, (a) 

simulation of the low-resolution model minus WOA98, (b) simulation of high-resolution model 

minus WOA98.  

Fig. 4. Difference of annual mean temperature at the
depth of 75 m, (a) low-resolution model minus WOA98,
(b) high-resolution model minus WOA98. Contour inter-
val is 1◦C.
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Fig. 5. The evolution of surface zonal current (a) at
the point of (0◦, 125◦W) and (b) at the point of (0◦,
170◦W). The solid line with open circles was taken from
TAO data, the dashed line with open squares is from the
high-resolution model and the dotted line with closed cir-
cles is from the low-resolution model.

to the coast of South America. Also, there is a region
where the sea temperature is about 2◦C lower than
WOA98. In the high-resolution model, the warmer sea
temperature is decreased by 2◦C and the region with
lower temperature also improves, where the maximum
decreases to 1◦C or below.

A better simulation of temperature and salinity
also benefits the simulation of ocean currents. Figure
5 gives the time evolution of the surface zonal cur-
rent at (0◦, 155◦W) and (0◦, 170◦W). The observa-
tion shows an reversal in the direction of surface zonal
current from February (March) to June (July) in the
eastern (central) equatorial Pacific. The reason is that
the equatorial undercurrent (EUC) is strongest during
this period and rises to the surface. This characteris-
tic is not represented in the previous model with low
resolution: in the whole year in the central Pacific, the
westward zonal current occupies the region, and there
is no reversal. In the high-resolution model, however,
the reversal is quite clear both at (0◦, 155◦W) and
at (0◦, 170◦W). But the surface zonal current in the
second half of the year has a larger error than that
of the low-resolution model. This needs to be further
examined.

In the equatorial Pacific, the simulation of the
Pacific North Equatorial Countercurrent (NECC) is
fairly difficult in the low-resolution models. Figure 6
shows the seasonal cycle of surface zonal current at
(5◦N, 170◦W) and at (5◦N, 140◦W) from the mod-
els and observations. The NECC is clearly enhanced
in the high-resolution model. At (5◦N, 170◦W), it
is about 0.4 m s−1 in September compared to 0.2 m
s−1 in the low-resolution model. At (5◦N, 140◦W),
the NECC in the high-resolution model is closer to
the observations in almost every month. The change
in the large-scale flow supports the conclusion that a
high-resolution model with low-viscosity can capture
the small-scale characteristics and be conducive to the
simulation of the ocean current.
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Fig. 6. As in Fig. 5, but at (a) (5◦N, 170◦W), and (b)
(5◦N, 140◦W).
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Figure 7, The Nino index calculated from the simulation of the two models minus the 

corresponding index obtained from observation. The solid line is for high-resolution model and 

the dashed line is for the previous model. 
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Fig. 7. The Niño indexes calculated from the simulation of the two models minus the corresponding
indexes obtained from observation. The solid line is for the high-resolution model and the dashed
line is for the low-resilution model. (a) Niño-3 region, (b) Niño-4 region. (c) Niño 1+2 region.
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Fig. 8. The squares denote the distribution of TAO mooring data. The squares with asterisks
show the randomly-selected points of TAO mooring data for this study.

Figure 7 shows the difference between the Niño in-
dex computed from the models and that of the obser-
vations from 1982 to 2001. With regard to the Niño-
3 and Niño-4 indexes, the phase differences between
them are close to each other in nearly every month,
only the magnitude varies. But in the Niño1+2 re-
gions, the high-resolution model gives quite a different
index from the low-resolution one. In some months,
the evolution of errors for the low-resolution model
is in phase with that of the high-resolution model
whereas it is out of phase in other months. One possi-
ble explanation is that a more realistic boundary in the
high-resolution model contributes to the better repre-
sentation of the current in the eastern Pacific, which
in turn will benefit the temperature field. But there
is now no evidence that the reflections of the Rossby
or Kelvin waves are better simulated. This remains to
be explored in the future.
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Fig. 9. Evolution of RMSE (root-mean-square error) at
the points shown in Fig. 8 with time. The dashed line
refers to the simulation from the previous model and the
solid line shows the high-resolution model.
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Figure 10, the evolution of averaged SST in the Tropical Pacific for the first 5yrs integration of 

the coupled model with different coupling strategy, the solid line from the statistical correction 

and the dash line from the flux correction (Sausen and Hasselmann, 1988).
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Fig. 10. The evolution of averaged SST in the tropical Pa-
cific for the first 5-years integration of the coupled model
with different coupling strategies. The solid line is from
the statistical correction and the dashed line is from the
flux correction (Sausen and Hasselmann, 1988).

 

 

 

 

Figure 11，Annual mean SST from the coupled model (a) simulation with flux correction in the 

first 5 years, (b) simulation with statistical correction and (c) WOA98 analysis data, the contour 

is 1ºC. 

Fig. 11. Annual mean SST from (a) the coupled model
simulation with flux correction in the first 5 years, (b) that
with statistical correction, and (c) WOA98 analysis data.
The contour interval is 1◦C.

After examining the improvement in the simulation
of the Niño indexes, we seek to compare the models in
a more quantitive way. To do that, the RMSE (root-
mean-square error) of the two models relative to TAO
observations at given points is chosen to be calculated.
Some randomly selected sites are shown in the diagram
of the distribution of TAO stations (Fig. 8). To get the

RMSE, first, we calculate the average of the daily ob-
servational data for each month and then compute the
RMSE of the results of the previous model and the
high-resolution model. The results from 1990 to 2000
are presented in Fig. 9. It clearly exhibits the improve-
ment yielded by the high-resolution model. The aver-
ages of RMSE from 1990 to 2000 for the two models
are 1.06◦C and 0.67◦C respectively.

4. Simulations of the Coupled GCM

4.1 Coupling procedure

To couple the two models, the solar radiation and
surface fluxes of heat and momentum at the ocean
surface as simulated by the atmospheric model are up-
dated for the ocean model once daily. The SST simu-
lated by the ocean model for the same interval is then
applied to the atmospheric model. The coupling fields
are time averaged over the coupling interval. A bilin-
ear interpolation procedure is utilized to interpolate
the coupling data from the AGCM and OGCM grids
since the ocean model horizontal grid is much finer
than the AGCM grid. The coupling scheme supplies
the average ocean model SST over the area enclosed
by the atmospheric grid box to the AGCM. Since the
ocean model can only provide SST in the tropical Pa-
cific, out of this region, the atmosphere model is driven
by the climatological monthly SST.

An empirical correction method called a statistical
monthly linear regression is employed to correct the
atmospheric variables that were used to calculate the
flux for the ocean model. The procedure of correction
may be viewed as follows. First, the ocean model is in-
tegrated for 30 years (1959–89) with a prescribed wind
stress from ERA40 and a heat flux that was also com-
puted using the bulk formula from the corresponding
data of ERA40 combined with SMD94 (Da Silva et al.,
1994). Then, the predicted SST of the ocean model in
the tropical Pacific is then given to force the AGCM
for 30 years. Now the AGCM integration can supply
predicted variables, such as air temperature, mixing
ratio, total cloud fraction, solar radiation, sea level
pressure and wind speed, which can be used to calcu-
late heat flux for the ocean model. The least squares
fit defines the coefficients α and β between the AGCM
simulation and the observation as Vobs = α + βVmodel.
By relating the simulation of the AGCM forced with
prescribed SST from the ocean model and the corre-
sponding observations, we can obtain a set of regres-
sion coefficients for every variable via a linear least
squares fit procedure for each month of the year. After
the regression coefficients are obtained, in the coupled
model, the atmospheric variables which would be used
to compute the external fluxes for the ocean model
are first corrected via the regression formula with the
given coefficients, then the flux exchange is computed.
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Fig. 12, Time-longitude cross section of SST annual cycle along the equator: (a) CGCM annual 

cycle, (b) WOA98 annual cycle, and (c) difference between CGCM and WOA98 data. 

Fig. 12. Time-longitude cross sections of SST annual cycle along the equator: (a) CGCM annual
cycle, (b) WOA98 annual cycle, and (c) the difference between the CGCM and WOA98 data.

 

 
Figure 13, the SSTA standard deviation for (a) CGCM and (b) observation from JEDAC (Joint 

Environment Data Assimilation Center). 
Fig. 13. The SSTA standard deviation for (a) CGCM and
(b) observations from JEDAC (Joint Environment Data
Assimilation Center).

However, the SST of the AGCM provided by the
OGCM is not changed in this procedure.

4.2 Annual mean and seasonal variation

In reality, the systematic errors in the component
models when forced with observed boundary condi-
tions are in large part responsible for the climate drift
in the CGCM. The error is amplified through nonlin-
ear ocean-atmosphere interaction and starts the cycle.

The commonly used flux correction method is first ap-
plied in the coupled model, but the simple subtraction
of the AGCM climatology does not work well. The av-
erage SST in the tropical Pacific decreases with time
quickly (Fig. 10) and, in the western Pacific, the warm
pool nearly vanishes after 5 years (Fig. 11a). Presum-
ably, the commonly used flux correction is not suffi-
ciently strong to suppress the amplification of large
systematic errors.

Also, the statistical “monthly linear regression”
method cannot remove the systematic errors, just
“correct” the information exchanged by the compo-
nent models. But the correction coefficients involve
a spatial as well as a temporal correction of the ex-
changed flux in the CGCM. Since it is not a simple
subtraction of the climatology, the statistical correc-
tion also modifies the amplitude of the exchanged flux.
Figure 11b shows the annual mean SST of the last 30
years in the 100-yr integration of the CGCM and the
corresponding observations. It is apparent that the
distribution of SST in the tropical Pacific is quite re-
alistic in the simulation of the CGCM. The cold tongue
in the eastern Pacific extends to the west and warm
water extends eastward on each side of the equator.
The extent of the warm pool and the cold tongue is
very close to the observations, whereas the cold tongue
is stretched far into the western Pacific by using the
flux correction (Sausen et al., 1988).
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Figure 14, Time-longitude section of Sea surface temperature from CGCM for (a) along equator 

and (b) along 7.5ºN, the contour is 0.3ºC, negative value is shaded. 

Fig. 14. Time-longitude cross sections of sea surface temperature from CGCM (a) along the
equator and (b) along 7.5◦N. The contour interval is 0.3◦C and negative values are shaded.

Figure 12 shows the mean annual cycle of SST
along the equator simulated by the CGCM, the cy-
cle of observed SST and their difference. Along the
equator, the salient feature is that the simulated an-
nual cycle is colder than observed. The error is largest
in the eastern Pacific where the SST is too cold by
2◦C during boreal spring. The error in the western
Pacific is not obvious. In the component OGCM, the
error is also largest in spring, being about 1.5◦C. One
reason is that the wind stress produced by the AGCM

has larger errors compared to the observed. This is
suggestive of the effect of wind stress produced by the
AGCM on the climatology of the CGCM because the
oceanic response to the varying wind stress is not in
an equilibrium state. The details of the correction of
wind stress will be discussed in another paper.

4.3 Interannual variability

Figures 13a and b show the standard deviations of
the SST anomalies from the CGCM and the observa-
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Figure 15, Time-longitude section of Sea temperature at the depth of 135m from CGCM for (a) 

along equator and (b) along 7.5ºN, the contour is 0.3ºC, negative value is shaded. 

Fig. 15. Time-longitude cross sections of sea temperature at the depth of 135 m from CGCM
(a) along the equator and (b) along 7.5◦N. The contour interval is 0.3◦C and negative values are
shaded.

tions, respectively. The standard deviation is calcu-
lated by using monthly data. From the figures, the am-
plitude of the SST anomaly produced by the CGCM
compares well with the observation in the eastern
equatorial Pacific, but its extent into the western Pa-
cific is a little too far. The CGCM underestimates the
standard deviation of SSTA along the eastern coastline
especially near southern North America. Moreover,
the CGCM failes to reproduce the separating struc-

ture of the SSTA standard deviation appearing in the
observation, for it has only one center located near
130◦W. But in general, the structure is quite realistic.

The time series of the unfiltered monthly mean
data in the tropical Pacific Ocean show features that
are characteristic of a delayed oscillator mechanism
(Schopf and Suarez, 1988; Battisti and Hirst, 1989).
Figure 14a and b give the time-longitude cross sec-
tions of the sea surface temperature anomalies along
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the equator and along 7.5◦N, respectively. It is ap-
parent that the CGCM yields irregular warm and cold
phases. Along the equator, it tends to develop locally
at the surface with the maximum anomaly over 1◦C
mainly located in the eastern Pacific. The interannual
oscillation amplitudes are relatively lower in the west-
ern Pacific. Off the equator at 7.5◦N, the SST anomaly
shows little westward propagation. These features are
quite similar to the observed events, but the ampli-
tude of the warm or cold events is underestimated in
the CGCM, such that the anomaly reaches 1.8◦C at
the surface during the warmest event and −1.2◦C dur-
ing the coldest event.

Figure 15 gives the sea temperature anomalies at
a depth of 135 m. Along the equator, it propagates
eastward with the maximum anomalies located in the
western Pacific and about half a phase prior to that
at the surface. Off the equator at 7.5◦N, the anomaly
propagates westward with a lower speed compared to
that along the equator. The eastward propagation
along the equator and the westward propagation off
the equator show some features of a delayed oscillator
mechanism. The propagation along the equator and
at 7.5◦N could be connected in space to form a circu-
lar pathway. The simulated Niño-3 index in the last 30
years is given in Fig. 16a with the corresponding power
spectrum analysis. The simulated spectral density has
a broad spectrum of periods. The main periods range
from 2 years to 5 years. This is in good agreement
with the observation.

From Fig. 15, some features of a delayed oscillator
mechanism can be seen. The sea surface temperature
anomalies propagate predominantly eastward at the
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Fig. 16. (a) The Niño-3 index simulated by CGCM in
years 70–100 and (b) the corresponding power spectrum
analysis.

equator and westward at 7.5◦N. According to the de-
layed oscillator mechanism, the reflection of the Kelvin
and Rossby waves determines the interannual vari-
ability in the tropical Pacific. On the interannual
timescale, wind stress at the equator appears to force
eastward-propagating Kelvin waves of the same sign
and the slower westward-propagating Rossby waves of
the opposite sign asymmetrically about the equator.
The Rossby waves that reach the western boundary
appear to reflect as Kelvin waves. So the simulation of
wind stress is of key importance in the coupled model.
The empirical correction method helps to rectify the
errors of the AGCM-predicted wind stress. So in the
coupled model, the corrected wind stress as well as
the modified heat flux helps to maintain a reasonably
realistic interannual variability compared to the obser-
vations. However, due to the combined effects of the
strong correction with statistical correction coefficients
and the low meridional resolution of the atmosphere,
the atmosphere sees a weaker variability of heat flux
and wind stress in the equatorial Pacific. The effective
equatorial coupling may be severely underestimated
due to this problem, leading to the underestimation of
the SST anomaly.

5. Concluding remarks

In this paper, we described a coupled general circu-
lation model with a high-resolution ocean component
model. The atmosphere model was the IAP 9-level
global general circulation model with a horizontal res-
olution of 4◦ in latitude and 5◦ in longitude. The ocean
model, with a horizontal resolution of 0.5◦, was devel-
oped based on the model of Zhang and Endoh (1992).
A statistical correction method was applied to modify
the exchanged heat flux and wind stress in the coupled
model.

An ocean model with improved horizontal resolu-
tion (0.5◦ both in longitude and latitude) was first in-
troduced. The main improvement due to the enhanced
ocean resolution on the simulated ocean state includes:
(1) a general decrease in sea surface temperature errors
compared to the climatology particularly for the cold
bias in the central/eastern equatorial Pacific, which
exists in many ocean models, (2) more realistic simu-
lation of large-scale surface currents compared to the
low-resolution model version. For instance, the re-
verse in the direction of the surface zonal current in
boreal spring in the central/eastern equatorial Pacific
was better represented, the NECC was also enhanced
compared to the previous model, and the EUC was
greatly strengthened (figure not given). Based on the
simulation with given observed flux from 1982 to 2001,
we found that the Niño index in the high-resolution
model shows improvement to a varying degree, closer
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to the observed index in nearly all months. More-
over, the evolution of the RMSE (root mean square
error), which was calculated against randomly-selected
array data of the TAO (Tropical Atmosphere Ocean)
project, exhibits the clear improvement of the high-
resolution model. The average is about 0.67◦C for
the high-resolution ocean model from 1990 to 2001,
whereas the RMSE for the previous low-resolution
model is about 1.06◦C.

The statistical monthly “linear regression” method
was employed to correct the flux exchanged between
the atmosphere and the ocean. By such a method, the
exchanged flux and wind stress were corrected both
in space and time. The correction is a stronger one
compared to the commonly used flux correction. The
numerical integration shows that the method is effec-
tive in reducing the climate drift and does not hurt
the simulation of interannual variability.

The annual means simulated by the coupled model
had realistic features. For instance, SST from the 30
years in the 100-year integration is very realistic com-
pared to the observations. The east-west slope of the
thermocline is also similar to the observed. The model
simulation of the annual cycle of SST in the equatorial
Pacific gives the correct amplitude and phase, but near
the eastern boundary, the SST is about 2◦C smaller
than the observed.

The simulated interannual variability was exam-
ined in the tropical Pacific. The standard deviation of
the SST corresponds well with that of the observation
but the amplitude is underestimated. The longitude-
time cross sections of SST both on and off the equator
show some very realistic features. The typical warm
or cold event in the equatorial Pacific SST grows and
decays in place to an amplitude of about 1.5◦C. The
sea temperature shows little longitudinal propagation
along the equator at the surface but with considerable
eastward propagation in the subsurface. The largest
SST anomalies are confined to the eastern Pacific at
the surface while in the subsurface they mainly lie
in the western and central Pacific. Off the equator
along 7.5◦N, the temperature anomalies show no ob-
vious propagation at the surface but only a westward
propagation at a depth of 135 m, which agrees with the
observations. The events alternate in sign and occur
irregularly with a period of 2–5 years according to the
power spectrum analysis of the Niño-3 index simulated
by the coupled model from year 70 to year 100.

The results from the coupled model suggest that
a more realistic simulation of annual and interannual
variability might be obtained by increasing the tropical
meridional resolution of the AGCM. The atmosphere
model needs to have sufficient meridional resolution at
large scales to be able to respond correctly to the zon-
ally aligned SST anomalies near the equator. Also, the

atmospheric model needs sufficient meridional resolu-
tion to correctly simulate the meridional gradients of
the wind stress near the equator, which are important
for forcing equatorial Rossby waves in the ocean. The
results given in this paper are preliminary, and fur-
ther analysis is underway to deepen the understanding
of the coupled model and to provide insight into the
ocean-atmosphere coupled system.
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