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ABSTRACT

Coupled ocean-atmospheric general circulation models are the only tools to quantitatively simulate the
climate system. Since the end of the 1980s, a group of scientists in the State Key Laboratory of Numerical
Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (LASG), Institute of Atmospheric
Physics (IAP), Chinese Academy of Sciences (CAS), have been working to develop a global OGCM and
a global coupled ocean-atmosphere general circulation model (CGCM). From the original flux anomaly-
coupling model developed in the beginning of the 1990s to the latest directly-coupling model, LASG
scientists have developed four global coupled GCMs. This study summarizes the development history of
these models and describes the third and fourth coupled GCMs and selected applications. Strengths and

weaknesses of these models are highlighted.
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1. Introduction

In order to simulate the Earth’s climate and its
variations on intra-seasonal to decadal timescales, a
hierarchy of comprehensive climate system models is
needed. The most important components in such
models are the atmosphere, the oceans, sea ice, and
the land and its features. The development of such
models has been undergoing a step-by-step process:
from stand-alone atmosphere models to coupled ocean-
atmosphere models, and later to multi-sphere inter-
active models. The process is far from finished for
climate modeling communities. The global coupled
GCMs described in this study may represent an early
stage toward the development of more complete cli-
mate system models. During the past decade, climate-
modeling activities in the world underwent an impor-
tant transition from using atmosphere-alone models to
interactive ocean-atmosphere models. Rapid progress
in the development of coupled ocean-atmosphere gen-
eral circulation models (CGCMs) has been made since
the late 1980s. The impetus for such rapid progress
comes from the recognition as best summarized in
the project of Climate Variability and Predictability
(CLIVAR): “The major tools used in simulating, un-
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derstanding, and predicting climate variations on all
timescales will increasingly be computer models of the
global coupled ocean-atmosphere-land system” .

The effort in developing numerical climate models
in the State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid Dynam-
ics (LASG), Institute of Atmospheric Physics (IAP),
was initiated in the mid 1980s. The first global coupled
GCM was developed in LASG based on a two-layer
atmospheric general circulation model (AGCM) and a
four-layer oceanic general circulation model (OGCM)
by Zhang et al. (1992). The model was integrated
for forty years and showed some ENSO-like interan-
nual variability dominated by a westward propagating
coupled mode.

Since the early 1990s, much effort has been put into
developing multi-layer AGCMs and OGCMs at LASG.
A twenty-layer 4°(Lat)x5°(Lon) OGCM with an in-
corporated thermodynamic sea ice model was devel-
oped first (Hereafter referred to as ML20; Zhang et al.,
1996; Chen et al., 1997a). With the enhanced vertical
resolution, the model is capable of not only reproduc-
ing some large-scale features of the upper ocean circu-
lation but also depicting an acceptable configuration of
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the thermohaline circulation. The ML20 was coupled
with the two-level AGCM to study the mean climate
of the coupled system (Guo and Yu, 1996) and the
time-dependent climate change due to increasing at-
mospheric COs concentration (Chen et al., 1996; Chen
et al., 1997b; TPCC, 1996). Meanwhile, a version of
the nine-level spectral AGCM with a rhomboidal trun-
cated wave number of 15 originating from Simmonds
(1995) was introduced and reconstructed by Wu et al.
(1996, hereafter referred to as L9R15). On the basis of
such efforts, a new CGCM with its component OGCM
of ML20 and AGCM of LIR15 was preliminarily pre-
sented in 1995 (Liu et al., 1996). This may be regarded
as the original version of the IAP/LASG global ocean-
atmosphere-land system model (GOALS) (Wu et al.,
1997). Six versions of the JAP GOALS model have
been successively presented based on the above men-
tioned versions of the AGCM and OGCM (Liu et al.,
1996; Yu and Zhang, 1998; Liu and Wu, 1997; Liu et
al., 1998; Zhang et al., 2002; Wu et al., 2003). All these
versions of the GOALS model (except the GOALS-0)
were integrated for 200 years or longer without finding
serious climate drift. The data have been used in eval-
uating the model’s ability in climate simulation and
in studying some selected aspects of climate diagnoses
and analyses (Liu et al., 1998; Zhang et al., 1998; Yu
et al., 2000; Meng and Wu, 2000).

Due to the coarse resolution of GOALS models,
it is very difficult to accurately represent many impor-
tant air-sea interaction processes such as ENSO events.
Thus a medium resolution OGCM with thirty layers
and the approximately 1.875° x 1.875° horizontal res-
olution was developed in LASG by Jin et al. (1999)
(Hereafter referred to as “L30T63”). Then, based on
the ocean model L30T63, a primary version of a Flex-
ible General Circulation Model for climate system was
finished (referred to as FGCM-0) (Yu et al., 2002).
The FGCM-0 is formulated based on the NCAR Cli-
mate System Model Versionl.2 (CSM-1.2) (Boville and
Gent, 1998,) by replacing the CSM-1.2’s ocean com-
ponent, NCOM (the NCAR CSM Ocean Model), with
the L30T63 in virtue of the CSM-1.2’s flux coupler.
The flux coupler is also responsible for interpolating
and averaging between the different grid system of
component models while conserving local and integral
properties. The coupling strategy (based on the flux
coupler) allows component models to be exchanged rel-
atively easily. In fact, it provides an efficient way to
formulate a new climate system model and to test the
sensitivity of the model to any of its component mod-
els. The atmosphere and land surface components are
the CCM3 (the Community Climate Model, Version
Three, see Kiehl et al., 1998) and the Land System
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Model (Bonan, 1998), respectively. Since the geog-
raphy of the FGCM-0 is identical with that of the
L30T63, the land-sea marks and surface types of the
CCM3 have been modified to match the OGCM. Also,
the horizontal grid of the sea ice model of Weatherly
et al. (1998) has been modified to replace the original
thermodynamic sea ice model of L30T63. The atmo-
spheric, land, and sea ice models communicate with
the flux coupler every model hour, while the oceanic
model does so every model day.

In summary, LASG scientists have devoted them-
selves to developing atmosphere, ocean, and climate
system models since the end of the 1980s. Up to
now, they have finished four global coupled GCMs,
and these have been used in many ways to under-
stand the atmosphere and oceans. In this study, we
describe the latest two global coupled GCMs—GOALS
and FGCM-0.

2. GOALS model
2.1 Atmospheric and land component models

The atmospheric component model is a nine-layer
spectral model that is rhomboidally truncated at zonal
wave number 15 (hereafter referred to as LIR15),
which was originally from a version by Simmonds
(1985). In order to make the model perform much bet-
ter, some improvements are implemented as follows.

(1) The standard stratification of temperature is
introduced into the dynamical framework, and the
scheme of reduction of a standard atmosphere, an idea
proposed by Zeng (1963) and Phillips (1973), is used
to improve the model performance. As a result, the de-
viation of temperature becomes a prognostic variable
(Wu et al., 1996).

(2) A new K-distribution radiation scheme is im-
plemented into the model. This radiation scheme can
easily take the effects of trace gases, such as COag,
CHy, N5O, and CFCs into account. Cloud processes
are treated more reasonably in this scheme (Shi, 1981;
Wang, 1996).

(3) A simplified biosphere and soil/snow model
(Xue et al., 1991) is implemented into the model (Liu
and Wu, 1997).

(4) The diagnosed cloud cover and liquid water
path scheme is introduced into the model (Liu et al.,
1998).

(5) The drag coefficient for momentum surface
stress over ocean is calculated according to Heller-
man and Rosenstein (1983), instead of Simmonds
(1985). The reason is that the Simmonds (1985)
scheme greatly underestimates the drag coefficient
over the eastern equatorial Pacific, only about 50%
of that from observation.
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(6) The diurnal variation of shortwave and long-
wave radiation is introduced into the model (Shao et
al., 1998).

(7) Wu et al. (2003) enhanced the horizontal res-
olution of the AGCM L9R15 from R15 to R42, and
found that the simulated precipitation is greatly im-
proved by the high resolution version.

2.2 Oceanic and sea ice component models of
GOALS

Based on a four-layer OGCM by Zhang and Liang
(1989), the oceanic component model of GOALS has
been developed since 1994. It is a twenty-layer model
with the same horizontal resolution as that of the pre-
vious four-layer model but covers from the Antarctic
coastline to 70°N in its original version (Chen, 1994;
Zhang et al., 1996; hereafter referred to as ML20-0)
and the global scope except the North Pole in its re-
vised version (Yu, 1997). Another important differ-
ence between the ML20-0 and the ML20-1 is that the
former uses the “upwind” finite-difference scheme for
calculating the advections of temperature and salin-
ity (Maier-Reimer et al., 1993) thereby ignoring the
explicit diffusion terms in the temperature and salin-
ity equations, whereas the latter uses central finite-
difference schemes for the advections and has con-
ventional second-order diffusion terms. With the en-
hanced vertical resolution, both the ML20-0 and the
ML20-1 are capable of reproducing some large-scale
features of the upper ocean circulation and depict-
ing an acceptable configuration of the thermohaline
circulation (THC), while forced by observational at-
mospheric wind stress and thermal forcing as well as
observational sea surface salinity (Zhang et al., 2000).
The oceanic model ML20-0 was adopted in the orig-
inal version of GOLAS (GOALS-0), and ML20-1 was
adopted in the later five versions of GOALS.

A simple thermodynamic sea-ice model formulated
based on Parkinson and Washington (1979) is incor-
porated into the ocean model. In the present ocean-
sea ice coupling model, no attempt was made to pa-
rameterize the leads and brine-rejection processes. As
a surrogate of the brine-rejection effect on the ocean
thermohaline circulation (especially on the formation
of Antarctic Bottom Water (AABW)), an enhanced
salinity forcing similar to England (1993) is imposed at
the three rows adjacent to Antarctica throughout the
model’s integration without considering its seasonal
variation.

2.3 Air-sea coupling scheme

With observed boundary conditions, AGCMs and
OGCMs can reproduce, to certain extents, reasonable
large-scale circulation patterns in the atmosphere and
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ocean. However, when an AGCM and an OGCM are
directly coupled to each other, the basic climate sim-
ulated by the coupled model usually drifts away from
the observed one. This is the problem known as cli-
mate drift. In general, climate drift occurs due to er-
rors in the fluxes at the air-sea interface, which may
be amplified by some positive feedback processes in a
CGCM.

In order to reduce the flux errors in CGCMs, ad-
ditional terms are often required to correct the sim-
ulated fluxes at the air-sea interface, that is the so-
called “flux correction” (Sausen et al., 1988). The
“flux-correction” (or “flux-adjustment”) technique has
been widely used in the existing CGCMs (see Meehl,
1990; Neelin et al., 1992; Murphy, 1995) before 1995.

After some coupling experiments based on a two-
level AGCM (Zeng et al., 1989) and a four-layer
OGCM (Zhang and Liang, 1989), Zhang et al.
(1992) developed a prediction-correction monthly flux
anomaly (MFA) coupling scheme. With the MFA
scheme, the coupled model (referred to as M2+4)
was integrated for forty years without significant cli-
mate drift (Zhang et al., 1992). Afterwards, the MFA
scheme was employed in the two successive CGCMs.
One is based on the 2-I. AGCM and a twenty-layer
OGCM (ML20), and the coupled model is referred to
as M2+20 in this study. The other is based on a nine-
layer and R15 spectral AGCM and the ML20-0. It
is the original version of the GOALS/LASG model,
i.e., the GOALS-0. However, the performances of the
MFA scheme in these two models were not fully suc-
cessful. The M2+20 suffered from a considerable cool-
ing trend in its 130-year control run (Chen, 1994) and
the GOALS-0 showed a one-degree (Celsius) warming
in its forty-year integration (Liu et al., 1996). In other
words, the MFA coupling scheme is not “robust” in
controlling the climate drift.

Yu (1997) analyzed the performance of the
GOALS-0 and developed a modified MFA coupling
scheme (MMFA) (Yu, 1997; Yu and Zhang, 1998). The
MMFA scheme has been successfully used in three suc-
cessive versions of the GOALS model. The coupling
scheme used in the subsequent version, GOALS-3, is
essentially the MMFA but slightly different from those
used before. All of these GOALS versions were inte-
grated for long time periods without noticeable climate
drift.

Until the GOALS-4, the coupling time step was
one month so that the “prediction-correction” method
(Zhang et al., 1992) was necessary for keeping the syn-
chronization between the AGCM and OGCM. In the
GOALS-4, the coupling time step was set to one day
and a daily flux anomaly-coupling scheme (referred to
as DFA) was used so that the prediction-correction
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Fig. 1. The monthly global mean SST (°C) simulated by GOALS-4 from the

1st to 200th model year.

procedure was dropped. Preliminary results of the
GOALS-4 show a good performance of the DFA
scheme (Fig. 1). Recently Zhang et al. (2002) and
Wu (Personal communication) carried out another two
versions of GOALS (GOALS-5 and GOALS-6 respec-
tively); the oceanic component model of both versions
of GOLAS is L30T63 rather than ML20.

2.4 Mean climatology state by GOALS

The evaluations show that, in general, four versions
of the GOALS model are all able to reasonably repro-
duce the basic characteristics of current observed cli-
mate in many aspects, especially for the large-scale fea-
tures and seasonal cycle (Yu, 1997; Guo et al., 2000).
However, it is more important to remember that there
are many weaknesses in the coupled modelling. Some
weaknesses may be common to most coupled models,
and some weaknesses may be related to the parame-
terizations of some physical processes of the GOALS
model. We notice that the introductions of the SSiB
land model and diurnal cycle of shortwave radiation to
the model obviously improve the simulation of surface
air temperature. The diagnostic cloud parameteriza-
tion scheme, which leads to the absence of cloudiness
and the anomalous high temperature in middle lati-
tudes in Northern summer, need to be improved in the
future. All six versions of the GOALS model simulate
lower amounts of global mean precipitation. Particu-
larly, the much less precipitation simulated in summer
and the more precipitation in winter in the Northern
Hemisphere middle latitudes suggest that modification

to the precipitation parameterization scheme is neces-
sary. The GOALS model is able to reproduce the an-
nual cycle of SST and the El Nino timescale variability
at the equatorial Pacific, although the simulated am-
plitude is weaker and the position of maximum SST
anomaly is located further west when compared with
the observed values (Fig. 2).

2.5 Simulations of Global Climate Change for
the Past and the Next 100 years

The six versions of GOALS have been widely ap-
plied in studies of climate variabilities, air-sea interac-
tion, monsoon, etc. (Liu et al., 1998; Yu et al., 2000;
Meng and Wu, 2000; Zhang et al., 1998). In this paper,
we will mainly describe simulations of global climate
change by human activities with the GOALS model.

Although the GOALS model shows reasonably
good simulations of the present climate, this does not
necessarily guarantee that the response to a pertur-
bation remains credible. Therefore, many works first
assess the performance of the model in simulating the
climate over the 20th century. Especially since the
pioneer experiments conducted at the Hadley Cen-
tre for Climate Prediction and Research (Mitchell et
al., 1995) and at the Deutsche Klimarechenzentrum
(DKRZ) (Hasselmann et al., 1995), the simulations of
the global climate change during the past 100 years
have become a standard experiment for coupled mod-
els (Boer et al., 2000; Emori et al., 1999; Haywood et
al., 1997). Ma et al. (2004) carried out simulations of
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Fig. 2. The simulated SST (°C) anomaly averaged from 2°S to 2°N by
GOALS-4 as a function of longitude (X-axis) and time (Y-axis) from

the 50th to 70th model year.

the 20th century with GOALS including four exper-
iments: control run, sensitivity run forced by green-
house gases only, sensitivity run forced by greenhouse
gases and solar radiation, and sensitivity run forced
by greenhouse gases, solar radiation, and sulphate
aerosols. The simulated global mean surface air tem-
perature anomaly (Fig. 3) suggested that the observed
global warming 0.6°C should be mainly attributed to
greenhouse gases during the past 100 years, but the
effects of solar radiation and, sulphate aerosols can-
not be ignored. When all forcings including green-
house gases, solar radiation, and sulphate aerosols are
considered in the coupled model, the simulated global
warming is 0.65°C during the 20th century, which
agrees well with the observed value.

Based on the simulations of the 20th century, Guo

et al. (2001) finished two simulations, one for the con-
trol run and another for the perturbation run with
GOALS-4 to investigate the global warming, with
much detailed emphasis on East Asia. Results indicate
that there is no climate drift in the control run and at
the time of CO2 doubling the global temperature in-
creases about 1.65°C (Fig. 4). The GOALS model
is able to simulate the observed spatial distribution
and annual cycles of temperature and precipitation
for East Asia quite well. But, in general, the model
underestimates temperature and overestimates rainfall
amount for the regional annual average. For the cli-
mate change in East Asia, the temperature and precip-
itation in East Asia increase 2.1°C and 5% respectively,
and the maximum warming occurs at middle-latitude
continent and the maximum precipitation increase oc-
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Fig. 3. The global mean SST anomaly (relative to the
1960-1990 mean value) during the 20th century. GHG
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the experiment considering greenhouse gases, sulphate
aerosols, and solar radiation.
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Fig. 4. The global mean surface air temperature sim-
ulated by GOALS-4 for the control run (thick line) and
COz doubling run (thin line).

curs around 25°N with reduced precipitation in the
tropical western Pacific.

3. The Flexible Global Coupled GCM Version
0—FGCM-0

3.1 Basic configuration of FGCM-0

The coupled ocean-atmosphere general circulation
model (CGCM) used in this study is the primary ver-
sion of a Flexible General Circulation Model for cli-
mate systems (referred to as FGCM-0). The FGCM-0
is formulated based on the NCAR CSM-1 (Boville and
Gent, 1998) by replacing the CSM-1.2’s ocean compo-
nent, NCOM (the NCAR CSM Ocean Model), with
the L30T63 in virtue of the CSM’s flux coupler. The
functions of the flux coupler are: (1) controlling the

YU ET AL 449

time coordination of all the component models of the
climate system model; (2) calculating most of the in-
terfacial fluxes; (3) communicating with component
models for exchanging fluxes and some control param-
eters (Fig. 5). The flux coupler is also responsible
for interpolating and averaging between the different
grid system of component models while conserving lo-
cal and integral properties. As pointed out already in
Boville and Gent (1998), the coupling strategy (based
on the flux coupler) allows component models to be
exchanged relatively easily. In fact, it provides an ef-
ficient way to formulate a new climate system model
and to test the sensitivity of the model to any of its
component models. The FGCM-0 represents just the
first step towards a fully developed FGCM, of which
the oceanic component is the OGCM, L30T63 (with-
out using its thermodynamic sea-ice component), and
the others are almost the same as those in the CSM-
1. The atmosphere and land surface components are
the CCM3 (Kiehl et al., 1998) and the LSM1 (Bonan,
1998), respectively. Since the geography of the FGCM-
0 is identical with that of the L30T63, the land-sea
marks and surface types of the CCM3 have been mod-
ified to match the OGCM. Also, the horizontal grid
of the sea ice model of Weatherly et al. (1998) has
been modified to replace that in the original L30T63.
The atmospheric, land, and sea ice models communi-
cate with the flux coupler every model hour, and the
oceanic model does this every model day. To dimin-
ish the initial shock in the coupling process, a spin-up
procedure is adopted before running the FGCM-0.
Firstly, the AGCM, CCM3, and the land surface
model, LSM1, are integrated for five years by using
the observed climatological SST, sea-ice distributions
based on Shea et al. (1990), and the same land-sea
mask as the ocean component model L30T63. This
five-year integration is referred to as “Run 1”7 in this
study. Daily data from the last four years of Run 1
are archived for state variables and for radiation flux
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-
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Fig. 5. The FGCM-0 component models configurations.
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at the lowest model level.

Secondly, the OGCM, L30T63, in association with
the thermodynamic sea ice model of Weatherly et al.
(1998) is integrated for seventy years, starting from the
year 1160 of the ocean model’s basic run mentioned
above. In the course of the integration, the surface
wind stress and thermal forcing were taken from the
daily state variables and radiation flux for the last four
years of the aforementioned CCM3 run. For the sur-
face salinity, the restoring condition is still used, with-
out considering the fresh water flux calculated based
on the AGCM and OGCM themselves. This seventy-
year integration of the ocean model will be referred to
as “Run 2” or the “Spinup Run”.

Following the spinup step, the fully coupled model,
FGCM-0, is integrated for sixty years. The initial
conditions for atmosphere, land surface, ocean, and
sea ice models are taken from the end of Run 1 and
Run 2, respectively. As in the CSM-1.2, the atmo-
sphere and ocean-sea ice models in the FGCM-0 are
directly coupled by exchanging the heat and momen-
tum fluxes themselves, rather than the flux-anomalies
as in the previous IAP/LASG CGCMs. Different from
the CSM-1, the fresh water exchange is not included;
instead, the relaxation condition of salinity is still used
in the FGCM-0. Also in order to diminish the ini-
tial shock, the dynamic processes of sea ice are not
included until the end of the first seven years of the
coupled integration.

3.2 Oceanic Component Model of FGCM-0

The oceanic component model used in the coupled
model is the third-generation global OGCM developed
at TAP by Jin et al. (1999). Its horizontal grid is
just the same as that of a T63 AGCM with a grid
size of about 1.875°x1.875°. There are thirty lay-
ers in the vertical, of which twelve equal depth lay-
ers are placed in the upper 300 m to better depict
the equatorial thermocline. For short, the model is
often called “L30T63”. Some fairly mature param-
eterizations are adapted to the model, including the
penetration of solar radiation (Rosati et al., 1988),
the “PP” scheme for the upper ocean vertical mixing
(Pacanowski et al., 1981), and the isopycnal mixing
scheme proposed by Gent and MacWilliams (1990). A
thermodynamic sea-ice model based on Parkinson and
Washington (1979) is also incorporated into the ocean
model. The model was first integrated for 1160 years
with the wind stress forcing of Hellerman and Rosen-
stein (1983) and the thermal forcing required in a
Haney-type formula for heat-flux (Haney, 1971), taken
from the COADS (Comprehensive Ocean-Atmosphere
Data Set) (da Silva et al., 1994). The model’s sur-
face salinity was simply relaxed to the climatological
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annual cycle of Levitus et al. (1994). By the end of
the integration, the model reaches a quasi-equilibrium
state, of which both the wind-driven circulation and
the thermohaline circulation are reasonably simulated
(Jin et al., 1999). This may be seen as the L30T63’s
basic run that provides initial conditions for the cou-
pled model spinup run. Forced by the month-by-
month wind stress over the tropical Pacific Ocean from
the European Center for Medium Weather Forecast
(ECMWF) reanalysis data for the time period from
1980 to 1989, the OGCM reproduces the reasonable
interannual variability in the tropical Pacific Ocean
(Yu et al., 2001).

3.3 Mean Climatology by FGCM-0

The model FGCM-0 has been integrated 60 years
successfully. Although the flux correction is not em-
ployed in the coupled model FGCM-0, the model does
not show obvious climate drift. This is because all the
component models, NCAR CCM3, the land model, the
sea ice model, as well as IAP OGCM, show good abil-
ity to depict dynamical and physical processes in the
climate system. In the meantime, the flux coupler,
which assures the conservation of energy and mass at
the interfaces of model components, also plays a very
important role in controlling the climate drift.

Compared to the observed climatology, although
the model FGCM-0 reproduces the east-west gradient
of SST in the equatorial Pacific, the model’s major er-
rors are the simulated double ITCZ and the associated
SST pattern (Fig. 6). As described by many other
studies (Mechoso et al., 1995; Boville and Gent, 1998),
they are common features for the coupled models with-
out flux correction. The equatorial warm pool simu-
lated by the FGCM-0 differs substantially from obser-
vation, with the temperature averaged over the upper
100 m being about three degrees colder than observa-
tion. With the exaggerated role of ocean dynamics in
the thermal equilibrium, the “warm pool” simulated
by the FGCM-0 resembles, to a certain extent, the
cold tongue. Moreover, the FGCM-0-simulated ther-
mocline in most of the tropical South Pacific is tens-
to-hundred meters shallower than observation. As a
consequence, the thermocline tends to be latitudinally
symmetrical about the equator. This may represent an
image of the “double ITCZ” mode in the ocean compo-
nent of a coupled ocean-atmosphere model. The severe
biases in the simulated thermocline may be attributed
to the systematic errors in the surface wind stress, and
to the sharp decrease of the vertical mixing with depth
(Li et al., 2003; Dai et al., 2003). It is found that the
meridional overturning circulation related to the un-
realistic cold water in the middle- and high-latitudes
North Pacific Ocean may be favorable to maintain the
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Fig. 6.

Simulated sea surface temperatures (°C) by
FGCM-0 averaged from the 11th to 60th model year for
(a) March and (b) September.

cold biases in the tropical thermocline. For further di-
agnoses of mean climatology by FGCM-0, see Zhang
et al. (2003a, b).

3.4 ENSO and Indian Ocean dipole (IOD)
modes by FGCM-0

Forced with the observed wind stress, the oceanic
component model has shown good ability in reproduc-
ing El Nifio and La Nina events during the 1980s (Yu
et al., 2001). When the oceanic model is coupled to the
atmospheric, land, and sea ice models through the flux
coupler, the interannual variation of the averaged SST
over the Niflo-3.4 region (5°S—5°N, 170°W-120°W) is
produced automatically without any external forcing
except for solar radiation, implying that the coupled
model can simulate the “ENSO-like” phenomena (Fig.
7). The coupled model produces a very similar am-
plitude of the Nino index to the observational one,
but shows a quasi-biennial oscillation only instead of
one with considerably wide period from 2 to 7 years
as in the real world. Further analyses indicate that
the physical mechanism for the simulated ENSO-like
events is very similar to the so-called a “Delayed Os-
cillator” mechanism proposed by Schopf and Suares
(1988) and Battisti and Hirst (1989).

In the tropical Indian Ocean, the coupled model
FGCM-0 shows a similar dipole mode pattern to the
observational one (Fig. 8). Figure 8a shows the simu-
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lated dipole mode index (DMI), which is defined in
Saji et al. (1999). The correlation coefficient between
the DMI and the Nino-3.4 index is 0.44, which is not
very strong but still significant. This implies that the
simulated dipole mode in tropical Indian Ocean is as-
sociated with the ENSO event in the coupled model.
Figures 8b—d are the correlations between DMI and
SST, zonal wind stress, and upper ocean heat content,
respectively. Thus, the simulated dipole mode pattern
is not only in SST, but also in VAT, and in particular,
there is a close correlation between the dipole mode
index and the zonal wind stress in the central Indian
Ocean, which implies that the dipole mode pattern is
a coupled mode resulting from the air-sea interaction
in the tropical Indian Ocean.

3.5 Paleo-climate modeling by FGCM-0

In order to investigate the paleoclimate effect of
the opening of the Isthmus of Panama and Indone-
sian passage on the oceanic and atmospheric circula-
tion, the ocean model topography are derived from
study by Zhou et al. (2004) for various geological
times including those at the present, 6 million years
before present (6 Ma BP), and 14 million years be-
fore present (14 Ma BP), respectively, then a series
of numerical experiments are implemented with the
individual OGCM and the coupled model FGCM-O0.
The numerical experiments of the individual OGCM
forced by the modern atmospheric circulation and cou-
pled ocean-atmosphere model all show that the closing
of the Indonesian passage results in a warming in the
Pacific Ocean and a cooling in the Indian Ocean; fur-
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Fig. 9. Simulated thermocline depth defined as the

isotherm line of 18°C, averaged from 2°S—2°N as a func-
tion of longitude (X-axis) and depth (Y-axis, units: m),
for the control experiment (using modern topography),
sensitivity experiment 1 (using paleo-topography at 6 Ma
BP in the Indonesian Ocean), sensitivity experiment 2
(using paleo-topography at 14 Ma BP in the Indonesian
Ocean), and experiment 3 (as experiment 2 except for
the opening of the Isthmus of Panama).
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thermore, the Indonesian Through Flow (ITF) mainly
originates from the southern Pacific at 14 Ma BP,
while it mainly originates from the northern Pacific
now. Meanwhile, the closing of the Isthmus of Panama
causes strong upwelling in the eastern equatorial Pa-
cific and isolates heat exchange between the Pacific
and Atlantic Oceans, and eventually results in a cool-
ing in SST and an uplift of the thermocline in the east-
ern Pacific and increases the contrast of heat content
between the western and eastern Pacific (Fig. 9).

4. Summary

Two global coupled GCMs, GOALS and FGCM-0
have been developed in LASG in the past five years,
and they have been employed in simulating natural
climate variability from seasonal to decadal timescales
and anthropogenic climate change. Although there
are many uncertainties in all state-of-the-art coupled
GCMs including GOALS and FGCM-0, scientists in
LASG have expended much effort during the past
decades in the development and validation of climate
models, and considerable progresses have been made,
as given follows.

Based on the individual ocean, atmosphere, land,
and sea ice models, LASG has put forward the MMFA
and DFA coupling schemes and developed a coupled
GCM GOALS model. In fact, the GOALS model was
the first physical climate system model from LASG.

Four versions of the GOALS model have been in-
tegrated at least 200 years for their control runs, and
in particular, several additional extended integrations
have been carried out for investigating climate change
induced by human activities. Almost all model out-
put data have been analyzed for evaluating the model,
and investigating the physical processes of the climate
system, etc. In particular, the second and the fourth
versions of GOALS (GOALS-2 and GOALS-4) joined
the Coupled Model Intercomparisons Project phase 1
and phase 2 (CMIP1 and CMIP2), and simulations
of global climate change have been used to estimate
future climate change (IPCC, 1996; 2001)

Although many shortcomings still remain in
GOALS and the other earlier coupled models devel-
oped in LASG, LASG scientists acquired the most
important knowledge and experiences through devel-
oping and improving them so that the latest coupled
model FGCM-0 reaches a higher level than other ear-
lier coupled models. For example, FGCM-0 is a flexi-
ble GCM, where the word “flexible” implies that it is
very easy to replace any parts of FGCM-0 including
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physical parameterization schemes or component mod-
els. Thus it is possible to compare individual GCMs
or parameterization schemes under the same frame-
work of the climate system model, making it easy to
improve and develop the model.

Besides FGCM-0 and GOALS, another cou-
pled GCM-LASG/NCC (National Climate Cneter)
T63AOGCM was developed in 2000 through cou-
pling TAP/LASG L30T63 OGCM and NCC T63
AGCM with the DFA coupling scheme for short-
range climate prediction (Liu et al., 2003). The
model T63AOGCM’s ocean component is the same
as FGCM-0, but its atmospheric model was developed
based on a medium-range weather forecast model from
ECMWF by Ye et al. (2000) at the NCC. Yu (per-
sonal communication) indicated that FGCM-0 and
T63AOGCM show very large differences in the sim-
ulated mean climatological state and ENSO events,
which implies that the AGCM plays a key role in the
coupled model. The model T63AOGCM has shown
some skill in short-range climate prediction during the
past three years (Ding et al., 2002).
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