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ABSTRACT

A fast version of the State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geo-
physical Fluid Dynamics (LASG)/Institute of Atmospheric Physics (IAP) climate system model is briefly
documented. The fast coupled model employs a low resolution version of the atmospheric component Grid
Atmospheric Model of IAP/LASG (GAMIL), with the other parts of the model, namely an oceanic com-
ponent LASG/IAP Climate Ocean Model (LICOM), land component Common Land Model (CLM), and
sea ice component from National Center for Atmospheric Research Community Climate System Model
(NCAR CCSM2), as the same as in the standard version of LASG/IAP Flexible Global Ocean Atmosphere
Land System model (FGOALS g). The parameterizations of physical and dynamical processes of the at-
mospheric component in the fast version are identical to the standard version, although some parameter
values are different. However, by virtue of reduced horizontal resolution and increased time-step of the most
time-consuming atmospheric component, it runs faster by a factor of 3 and can serve as a useful tool for long-
term and large-ensemble integrations. A 1000-year control simulation of the present-day climate has been
completed without flux adjustments. The final 600 years of this simulation has virtually no trends in global
mean sea surface temperatures and is recommended for internal variability studies. Several aspects of the
control simulation’s mean climate and variability are evaluated against the observational or reanalysis data.
The strengths and weaknesses of the control simulation are evaluated. The mean atmospheric circulation
is well simulated, except in high latitudes. The Asian-Australian monsoonal meridional cell shows realistic
features, however, an artificial rainfall center is located to the eastern periphery of the Tibetan Plateau
persists throughout the year. The mean bias of SST resembles that of the standard version, appearing as
a “double ITCZ” (Inter-Tropical Convergence Zone) associated with a westward extension of the equatorial
eastern Pacific cold tongue. The sea ice extent is acceptable but has a higher concentration. The strength
of Atlantic meridional overturning is 27.5 Sv. Evidence from the 600-year simulation suggests a modulation
of internal variability on ENSO frequency, since both regular and irregular oscillations of ENSO are found
during the different time periods of the long-term simulation.
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1. Introduction

Coupled climate system models are among the best
tools for studying past and present climate variability,
quantifying climate sensitivity to natural and anthro-

pogenic forcing, and predicting future climate changes
due to increased greenhouse gases (Blackmon et al.,
2001; Delworth et al., 2002). The most recent report
by the Intergovernmental Panel on Climate Change
(IPCC, 2007) summarized the current status in the
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development of fully-coupled climate system models
around the world. Great advances have been made in
the last 5–10 years. For example, there were twenty-
four coupled models developed by international insti-
tutions or research centers that participated in the
IPCC Fourth Assessment Report (AR4) compared to
about 16 models in the IPCC third assessment (IPCC,
2007). These coupled models have been used as pow-
erful tools in the attribution studies of 20th century
climate change and other applications (e.g., Dai, 2006;
Zhang and Walsh, 2006; Zhou and Yu, 2006; Guilyardi,
2006; Russell et al., 2006).

The resolution for the coupled climate system mod-
els have already increased substantially during the last
decade (e.g., from 3◦–5◦ to 1◦–3◦ for atmospheric mod-
els). As a result, they are often computationally ex-
pensive to run, especially for long-term and multiple
simulations (Jones et al., 2005). Climate system mod-
els of intermediate complexity are faster models which
have been successfully used in paleo-climate studies
(e.g., Wang and Mysak, 2000; Wang et al., 2005a;
Montoya et al., 2005). Such models are fast because
of low spatial resolution and simplified representation
of some physics. This makes them practical for the
simulation of the last glacial inception and rapid ice
sheet growth (e.g., Wang and Mysak, 2002), but the
necessary simplifications may exclude processes impor-
tant for climate changes. Hence, climate modeling re-
quires a compromise between greater model sophistica-
tion and realism, and faster, more efficient integration.
To fill the gap between high-resolution coupled models
and inter-mediate complexity models, it is essential to
develop models based on state-of-the-art coupled cli-
mate system models, but significantly faster (Jones et
al., 2005). For this purpose, a low-resolution version
based on a state-of-the-art fully-coupled model is usu-
ally developed as an extension in many international
climate modeling centers, and these models are often
used in control integrations (i.e., with fixed external
forcing) of more than 1000 years around the world
(e.g., Manabe and Stouffer, 1996; von Storch et al.,
1997; Delworth et al., 2002; Li and Conil, 2003; Min
et al., 2005; Jones et al., 2005; Yeager et al., 2006).
However, long-term (>1000 years) integrations using
full-resolution coupled models have also been done in
some world famous climate modeling centers such as
NCAR (e.g., Dai et al., 2005).

In addition to long-term integrations, fast cou-
pled models can also serve as useful tools in perform-
ing large-member ensemble simulations. For example,
to study the complex processes of ocean-atmosphere
feedbacks and teleconnections, a “modeling surgery”
framework was suggested by Wu et al. (2003) based
on a Fast Ocean-Atmosphere Model (FOAM) (Jacob

et al., 2001). This new modeling strategy is specifi-
cally designed to diagnose ocean-atmosphere feedbacks
and teleconnections by systematically modifying the
coupling configuration and tele-connective pathways
in the fast coupled model. Hence, large member en-
sembles of simulations are needed (Wu et al., 2003,
2005).

Usually the fast version of a coupled model shares
the same representation of physical and dynamical
processes as in the standard version but with reduced
resolution and increased time-step. This makes the
fast version run more quickly. This strategy requires
that existing parameterizations and major new model
improvements work at both the reduced and standard
resolutions (Jones et al., 2005; Yeager et al., 2006).
The combination of the fast and standard versions of
a climate system model allows more areas of climate
sciences to be explored.

In the past decades, great efforts have been devoted
to the development of fully coupled ocean-atmosphere
models at the Institute of Atmospheric Physics, Chi-
nese Academy of Sciences (see Zhou et al., 2007 for
a comprehensive review). Recently, a 1000-yr con-
trol integration has been carried out using a fast ver-
sion of a coupled climate system model developed by
the State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid Dynam-
ics/Institute of Atmospheric Physics (LASG/IAP).
The objective of this paper is to describe the climatol-
ogy and internal variability of this control run, and to
validate them through comparisons with observations
for surface variables such as temperature, precipita-
tion, as well as interannual variability. While both the
strengths and weaknesses of the control simulation are
documented, analysis of ENSO variability during the
600-years simulation suggests the role of internal vari-
ability in modulating the ENSO frequency.

The rest of this paper is organized as follows.
An overview of the configuration of the fast version
of the LASG/IAP coupled climate system model is
given in section 2. A description of the spin-up pro-
cess is presented in section 3. The quality of the at-
mospheric simulations along with a validation of the
Asian-Australian monsoon simulation is assessed in
section 4. The quality of ocean and sea ice simulations
is addressed in section 5. The interannual variability
of the fast coupled model control run, in particular
ENSO simulation, is examined in section 6. The final
section presents a summary, followed by a discussion.

2. Description of LASG/IAP fast coupled cli-
mate system model and observational data

The strategy adopted for developing a fast low-
resolution version of the LASG/IAP coupled climate
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system model follows that of the Hadley Centre
for Climate Prediction and Research, Met Office
(Rayner et al., 2003), and the National Centers
for Atmospheric Research (NCAR) (Yeager et al.,
2006). It involves reconfiguring the component model
grid and modifying and retuning model parameters.
The fast coupled model described here is a version
of the LASG/IAP Flexible-Global-Atmosphere-Land-
Sea ice model (FGOALS). The preliminary version of
FGOALS g was described in Yu et al. (2002). Since
the atmospheric model uses a major part (60%–70%)
of the computational expense of FGOALS, the fast
version was developed by reducing the resolution of
the atmospheric model, while keeping the resolution
of the ocean, and sea-ice components unchanged. The
FGOALS model has two twin versions: One employs
the Grid Atmospheric Model of IAP/LASG (GAMIL)
(Wang et al., 2004) as its atmospheric component,
another employs the Spectral Atmospheric Model of
IAP/LASG (SAMIL) (Wu et al., 1996). Because the
parallelization computational efficiency of GAMIL is
higher than that of SAMIL, the fast coupled model
employs a low resolution version of GAMIL as its at-
mospheric component (Wen et al., 2007).

The FGOALS model was developed based on the
National Center for Atmospheric Research Commu-
nity Climate System Model (NCAR CCSM) frame-
work. A preliminary version of FGOALS (Yu et al.,
2002) was developed by replacing the ocean compo-
nent of NCAR CSM-1 (Boville and Gent, 1998) with
the third generation of LASG/IAP ocean general cir-
culation model L30T63 (Jin et al., 1999). Benefited
from the freely available NCAR CCSM2 (Kiehl and
Gent, 2004), the preliminary version of FGOALS was
updated by replacing the ocean component of CCSM2
with the LASG/IAP climate ocean model (LICOM, Yu
et al., 2005). This version was then improved by re-
placing the atmospheric component with GAMIL and
SAMIL, respectively (Wang et al., 2005b; Yu et al.,
2005; Zhou et al., 2005a,b). Hence the new version of
FGOALS is the same as NCAR CCSM2 except that
both the atmospheric and oceanic components have
been replaced with those developed by LASG/IAP.
The FGOALS model employing GAMIL as its AGCM
component is termed as FGOALS g, which is regarded
as the standard version and has been involved in the
multi-model inter-comparison activity associated with
the IPCC Fourth Assessment Report (Wang et al.,
2005b; Yu et al., 2005). In this paper, the fast,
low resolution version of FGOALS g is referred to as
“FGOALS gl”, with the suffix “l” indicating ”low” res-
olution. There is no correction in the heat and fresh-
water fluxes exchanged at the interfaces among the
atmosphere, ocean, sea ice, and land during coupled

integrations.
The atmospheric component GAMIL is a hydro-

static, primitive-equation, grid point model with a
hybrid vertical coordinated system. The dynamical
core was developed by Wang et al. (2004) and the
physics package is from the Community Atmospheric
Model Version 2 (CAM2) of NCAR (Collins et al.,
2003). The model has 26 vertical levels in sigma co-
ordinate, with the model top at 2.194 hPa. The stan-
dard GAMIL model employs a horizontal resolution
of 2.8125◦ × 2.8125◦ (Li et al., 2007a). The standard
version of GAMIL has been used in many climate mod-
eling studies (e.g., Li et al., 2007b,c). To increase the
computational efficiency, the horizontal resolution was
reduced to 5.0◦ (lon) ×4.0◦ (lat) in the fast version.
This necessitated new tuning of some parameters but
no changes to the formulations of the physical param-
eterizations in the model (Wen et al., 2007).

The ocean component is the LICOM (Liu et al.,
2004), which is based on the third generation of the
LASG/IAP ocean general circulation model L30T63
(Jin et al., 1999). Some fairly mature parameterization
schemes are employed. These include the penetration
of solar radiation (Rosati and Miyakoda, 1988), the
Richardson number-dependent mixing process in the
equatorial oceans (Pacanowski and Philander, 1981),
and the along isopycnal and diapycnal mixing scheme
of Gent and McWilliams (1990). The model employs
a horizontal resolution of 1.0◦ × 1.0◦, and there are
30 levels in the vertical direction (Liu et al., 2004).
Since this is only a medium resolution OGCM and the
computational expense during the coupled run is com-
paratively inexpensive (less than 30% of the total com-
putational expense of the fully coupled model), we did
not make a further reduction in the LICOM resolution.
In addition, both the land and sea ice components of
FGOALS are the same as NCAR CCSM2 except that
they were reconfigured onto the corresponding com-
ponent model grid. For details of land and sea ice
components, the readers are referred to Bonan et al.
(2002) and Briegleb et al. (2004), respectively.

The following data are used for model evaluation:
(1) Global Precipitation Climatology Project (GPCP)
version 2 data for the period of 1979–2003 (Adler et
al., 2003); (2) The National Centers for Environmental
Prediction/National Center for Atmospheric Research
Reanalysis data (Kalnay et al., 1996); (3) The observa-
tional SST data obtained from the Hadley Centre sea
ice and sea surface temperature (HadISST) analyses
(Rayner et al., 2003).

3. The spin-up process and trend of 1000-yr
control integration

To perform relatively drift-free coupled simula-
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tions, compatible initial states for the component mod-
els are required. To ensure compatibility, several se-
quential integrations of the component models are
needed, and this is referred to as the spin-up proce-
dure. The objective of spin-up integration is to bring
the model close to a stable equilibrium, so that negligi-
ble climate drift is experienced in the control run that
follows. The rationale and some generic approaches
for spin-up integrations were discussed in Meehl (1995)
and Johns et al. (1997). One commonly used approach
is the “uncoupled” method, viz. spinning up the com-
ponent models independently. This approach is com-
putationally much cheaper than spinning up the cou-
pled model throughout since the ocean is considerably
cheaper than the atmosphere to integrate. However,
the “coupled” spin-up method has proved useful in
order to avoid climate drift (Johns et al., 1997; Kiehl
and Gent, 2004). In our spin-up procedure, we applied
a mixture of the “uncoupled” and “coupled” meth-
ods. Since the intermediate and deep ocean have by
far the longest spin-up times of any part of the cou-
pled model, we only spun up the ocean component
by using the ”uncoupled” method, viz. to obtain an
equilibrated solution for the Ocean General Circula-
tion Model using atmospheric forcing from reanalysis
(Frank, 2001). Both the SST and sea surface salinity
were restored to the climatology of World Ocean Atlas
1998 (WOA 98)a. The ocean component was initial-
ized using temperature and salinity fields derived from
observations (Levitus and Boyer, 1994). The spin-up
integration started from a motionless ocean. After a
500-year spin-up integration, the ocean has reached a
quasi-equilibrium state (Liu et al., 2004). This quasi-
equilibrium state is used as the initial condition for
the fully coupled integration. During coupled integra-
tion, the atmosphere component was initialized using
January fields obtained from stand-alone integrations,
while the land and sea ice components were initial-
ized from arbitrary values. Note that the atmosphere,
land, and sea ice components did not experience un-
coupled spin-up processes forced by equilibrium SST
from the ocean spin-up run, which is what has been
done in the spin-up simulation of NCAR CSM (Boville
and Gent, 1998). The advantage of the present choice
is that the ocean starts from a more realistic initial
condition. The disadvantage is the computational ex-
pense, since the coupled simulation must occur over
long time scales as the component models adjust from
their initial conditions toward an equilibrium solution
of the coupled system.

Since this long-term simulation is a control run for
present-day climate, we will compare the model results
to present-day SST observations and other reanalysis

Fig. 1. Annual time series of global mean sea surface
temperature anomalies from the 1000-year FGOALS gl
control simulation. The anomalies are calculated rela-
tive to the climate mean of model years 401–1000. The
bottom axis corresponds to model years.

Fig. 2. Power spectra of the global mean sea surface tem-
perature from the FGOALS gl (model years 401–1000).
The bottom axis is the time period in units of years.

fields. The time evolution of global annual mean
SST anomaly during the 1000-year FGOALS gl con-
trol simulation is shown in Fig. 1. The anomalies were
calculated relative to the mean of model years 401–
1000. A cooling trend of −0.6◦C (100 yr)−1 occurred
in the first 100-year integration. This cooling trend
resulted from the adjustment of component models.
In the following 100-year integration, the time evolu-
tion is stable. Starting from the 200th model year,
however, the global annual mean SST has experienced

aAvailable online from http://www.nodc.noaa.gov
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Fig. 3. Mean sea level pressure in (a) northern summer JJA and (c) northern winter DJF averaged over
the last 50 years of the coupled run. For comparison, climatological distribution based NCEP/NCAR
reanalysis in 1979–1998 is shown in (b) JJA and (d) DJF.

a warming trend of 1.0◦C (100 yr)−1, which was caused
by a move from the Lenovo DeepComp 6800 cluster to
an IBM SP690 supercomputer, since a “branch” run
rather than a ”continue” run setup was employed in
the successive integration on an IBM SP690. Starting
from the 250th model year, the global mean SST has
experienced a weak cooling trend which lasted up until
to the 400th model year. In the final 600 years, which
was performed on the IBM SP690 supercomputer, the
evolution of global mean SST is stable, with clear in-
terannual variations (Fig. 1b).

The power spectrum of global mean SST anomaly
is shown in Fig. 2. A statistically significant peak
around 3–4 year time period is evident. This spec-
tral characteristic of model SST is not purely related
to a strong 3.8-year periodicity in the ENSO variabil-
ity as is shown below. Min et al. (2005) show peak
power around the periods of 2 and 3–9 years in ob-
served global mean SST. The model has more energy
in the 3.8-year period and less power in the periods
longer than 4 years.

4. The atmospheric simulation

The distribution of sea level pressure (SLP) in bo-
real winter (December–February, DJF) and summer
(June–August, JJA) averaged over the last 50 years
of the millennial control integration is shown in Fig.
3 together with the reanalysis field. The model cap-

tures the overall pattern of reanalysis SLP quite well,
except for high-latitude regions in both hemispheres.
The JJA subtropical highs in the North Pacific and
North Atlantic are well simulated for both the posi-
tion and strength. Subtropical highs on the Southern
Hemisphere during JJA are well positioned, but they
are slightly weaker than the reanalysis. A large neg-
ative bias appears in the high-latitudes of the South-
ern Hemisphere, suggesting the model is not reliable
here, although the strong biases south of 60◦S may
also be artifacts caused by large errors in the reanaly-
sis SLP in this region (Marshall, 2002). During DJF,
the Siberian High in the model is stronger especially
in the western and northern parts of the high. The
Aleutian Low is well reproduced, except that the cen-
ter is located more westward. The Icelandic Low is
weakly reproduced, with the center of the low located
more southward. The SLP is slightly underestimated
over the Southern Ocean.

The annual mean precipitation compared with the
GPCP climatology is shown in Fig. 4. The model cap-
tures the main features of observed annual mean pre-
cipitation, as shown by precipitation maxima in the
ITCZ, South Pacific and storm track regions of the
North Atlantic and Pacific and Southern Ocean. The
model also captures the dry subtropical regions well.
Relative to the GPCP climatology, the largest model
error occurs in the shape of ITCZ. The South Pacific
Convergence Zone (SPCZ) stretches eastward zonally
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Fig. 4. (a) Annual mean precipitation averaged over the
last 50 yrs of the coupled run, and (b) the climate mean
condition based on GPCP in 1979–1999.

and appears as a secondary ITCZ in the model. Hence
a “double ITCZ” structure dominates the precipita-
tion climatology over the tropical oceans. This has
been a phenomenon for most coupled models that do
not employ flux correction (Yu and Mechoso, 1999;
Dai, 2006). Similar bias is also found in the stan-
dard version of FGOALS g (Dai, 2006). The ”Double
ITCZ” phenomenon is related to the westward exten-
sion of the eastern Pacific cold tongue. Associated
with the ill-simulated “Double ITCZ” structure, more
rainfall develops on both sides of the central Pacific
straddling the equator. Over the western tropical In-
dian Ocean, the model produces too much precipita-
tion, with errors up to 3 mm d−1. Over the eastern
tropical Indian Ocean, however, the model produces
less precipitation, with errors up to −4 mm d−1. The
precipitation bias over the South and East Asian mon-
soon area appears as a dipole structure: excessive rain-
fall is seen along 30◦N over East Asia, while deficient
precipitation develops over South Asia. An artificial
rainfall center located to the eastern periphery of the
Tibetan Plateau is evident in the simulation. A simi-
lar bias was found in the standard version of GAMIL,
NCAR CCM3 model and NCAR CAM2 model (Yu et
al., 2000; Zhang, 2006; Li et al., 2007a). Since these
AGCMs employ an identical convection parameteriza-
tion scheme (Zhang and McFarlane, 1995), this com-

mon bias might be related to the treatment of moist
convection in the model, although the steep topogra-
phy and the deep continental stratus clouds generated
by the Tibetan Plateau should also have contributions
(Yu et al., 2000; Yu et al., 2004). The improved version
of GAMIL shows better results (Li et al., 2007a).

The Asian-Australian Monsoon (A-AM) is one of
the most dominant monsoon systems in the world
(Webster et al., 1998). Following Trenberth et al.
(2000, 2006)), we show meridional structures of the
overturning A-AM monsoonal circulations. The A-
AM domain is restricted to 60◦–180◦E, covering the
whole Asian-Australian monsoon system. The an-
nual cycle of vertical pressure velocity ω at 500 hPa
is shown in Fig. 5 together with the reanalysis field.
The January and July cross sections of the divergent
meridional-circulation component are shown in Fig. 6.

In the reanalysis (Fig. 5b), the ω annual cycle
shows more intense phases of the monsoons in January
and July–August, with an additional upward motion
branch near 30◦N from April through August that re-
flects the elevated Tibetan Plateau heat source and

Fig. 5. The annual cycle of vertical pressure velocity ω
at 500 hPa from 50◦S to 50◦N in 10−2 Pa s−1 from (a)
FGOALS gl and (b) NCEP/NCAR. Blue indicates up-
ward motion and red for subsidence. The bottom axis
corresponds to January to December.
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Fig. 6. Regional (60◦–180◦E) meridional cross sections of the divergent flow as vectors from 50◦S
to 50◦N from (a, c) FGOALS gl and (b, d) NCEP/NCAR for January (top) and July (bottom).
The scale vector is given at the bottom.

the summer monsoon rainfall in China (e.g., Tao and
Chen, 1987; Zhou and Li, 2002). This general fea-
ture is consistent with that revealed by ERA40 re-
analysis (Trenberth et al., 2006). The corresponding
cross section (Fig. 6) shows the dominant deep tro-
pospheric overturning of the meridional circulation.
While the January condition corresponds roughly to
the normal image of the Hadley Cell, for the July con-
dition, strong upward motion is evident at 0◦–30◦N.
The strong Hadley Cell is replaced by a meridional
circulation of opposite sense, which is often referred to
as the monsoonal meridional cell (Ye and Yang, 1979)
and has been used as an observational metric for val-
idating AGCMs (e.g., Zhou and Li, 2002). The deep
monsoon cell penetrates upward to 200 hPa.

In the model simulation (Fig. 5a), the ω annual
cycle also shows more intense phases of the monsoons
in January and July–August. However, the addi-
tional upward motion branch near 30◦N reflecting the
East Asian summer monsoon rainfall persists through-
out the year, although it is more intense from April
through August as in the reanalysis. This upward
motion bias is consistent with the bias in the rainfall
field. The corresponding cross section (Fig. 6a) shows
a weaker subsidence north of 30◦N in January. The
monsoon meridional cell in the simulation penetrates
upward to 200 hPa as in the reanalysis, however, it is
weaker than the reanalysis, especially for the upward
motion around 20◦N (cf., Fig. 6c and Fig. 6d).

The seasonal march of the East Asian summer
monsoon displays a stepwise northward and northeast-
ward advance (Tao and Chen, 1987). The seasonal
migration of the monsoon rain band is represented by
the rainfall zonally averaged between 100◦–120◦E. In

Fig. 7. Seasonal migration of the monsoon rain band
zonally averaged between 100◦–120◦E in (a) observation
(GPCP data), and (b) simulation (in units of mm d−1).
The bottom axis corresponds to January to December.

observations (Fig. 7a), prior to mid May, south-
ern China experiences a pre-monsoon rainy season.
The monsoon rain extends from southern Asia to the
Yangtze River valley in June, and finally penetrates to
northern China (34◦–41◦N) in July. The rainy season
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Fig. 8. (a) Simulated sea surface temperatures averaged
over years 951–1000. (b) Difference between the simu-
lated SST and HadISST climatological temperatures.

in northern China lasts for about one month and ends
in August. From August to September, the monsoon
rain belt rapidly moves back to South China (Fig. 7a).
The seasonal migration of the monsoon rain band is
poorly reproduced in the simulation (Fig. 7b), mainly
because an artificial rainfall center is located along
30◦N and persists throughout the year. Consequently,
the pre-monsoon rainy season over South China in the
simulation is not as strong as that in the observation.
For the northward penetration of the monsoon rain-
fall band in July, the model result is stronger than the
observation, as indicated by the isoline of 4 mm d−1.
The deficiencies in the precipitation simulation are also
reflected in the soil moisture contents in the context
of both horizontal distribution and seasonal migration
(figures not shown). The standard version of GAMIL
is far better in simulating above observational features
(Wang and Ji, 2006; Li et al., 2007a).

5. The oceanic simulation

The decadal average SST from years 951 to 1000 of
the control run and the difference between the model

Fig. 9. Simulated sea ice concentration averaged over
years 951–1000 in the (a) northern and (b) southern po-
lar regions. The thick solid line is the 10% concentration
limit. (Units: %)

and the HadISST are shown in Fig. 8. The equatorial
eastern Pacific cold tongue extends too far westward
in the simulation. A typical artificial structure con-
sistent with rainfall, the “double ITCZ” stands out in
the annual mean climatology of SST (Fig. 8a). Over
most of the tropical oceans, the SST biases are less
than 2 K. Associated with a westward extension of
the eastern Pacific cold tongue; the central equato-
rial Pacific is too cold by 1–2 K. The western Pacific
warm pool region has a weak cold bias of less than
1 K. The marine stratus regions off the west coasts
of North and South America and off West Africa are
too warm by 1–3 K. Similar features are reported in
the NCAR CSM (Boville and Gent, 1998) and many
other coupled models (Dai, 2006). The warm SST bi-
ases are related to problems in representing the marine
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stratus clouds and oceanic upwelling at these regions.
In the North Atlantic, a shift in the Gulf Stream is
apparent with a warm bias off Labrador, while the
SSTs are too cold near Norway. The subtropical west-
ern Atlantic is too cold by 2–3 K. Large cold biases
also develop in the subtropical and high latitudes of
the North Pacific. These biases are accompanied by
shifts in the sea-ice distribution, as shown below. The
high-latitude Southern Ocean is too warm by 2–3 K,
with the largest bias occuring in the southern Indian
Ocean (Fig. 8). This is also the region where the SST
observations are sparse (Rayner et al., 2003).

The distribution of annual-mean sea-ice concentra-
tions averaged for model years 951–1000 is shown in
Fig. 9. The line of the 10% concentration limit in
observations has been given in Kiehl and Gent (2004)
(see Fig. 8 of their paper). The sea-ice coverage in
the Northern Hemisphere is acceptable, with too much
sea-ice mainly in the Labrador Sea and Bering Sea.
Over the Arctic Ocean, the sea-ice coverage is gener-
ally too high. In the Southern Hemisphere, the extent
of sea-ice coverage is too large. This excessive sea-ice
coverage occurs in both the Atlantic and Pacific sec-
tors of the Southern Ocean. Figure 8 shows that the
SSTs are too cold in the sub-polar areas of the South-
ern Ocean, which allows excessive sea-ice to grow in
the winter. Figure 9 suggests that, while the extent
of sea ice is acceptable in FGOALS gl, the biases in
sea ice concentration are large. It is possible that the
biased sea ice concentration is due to biased sea ice dy-
namics, to be specific, sea ice advection velocity being
too small.

The meridional overturning streamfunction
(MOC) from the mean flow averaged for model years
951–1000 is shown in Fig. 10 for the Atlantic Ocean.
The maximum overturning in the Northern Hemi-
sphere is 27.5 Sv, most of which occurs in the North
Atlantic. This maximum is considerably reduced com-
pared to FGOALS s, where it is 45.0 Sv (Zhou et al.,
2005a,b), which is unrealistically high. A previous ver-
sion of the LASG/IAP coupled climate model GOALS
has an Atlantic MOC intensity of 12.0 Sv (Zhou et al.,
2000a,b). The corresponding Atlantic MOC inten-
sity is 20.0 Sv for the Bergen Climate Model (Furevik
et al., 2003; Zhou, 2003; Bentsen et al., 2004), 19.2
Sv for the CCSM2 (Kiehl and Gent, 2004), 20.0 Sv
for CCSM3 (Bryan et al., 2006), and 30.0 Sv for
the GFDL-CM2.1 (Gnanadesikan et al., 2006). The
FGOALS gl value of ∼30 Sv is too high compared
with the best estimate of the maximum North At-
lantic overturning (17.0–18.0 Sv, Talley et al., 2003).
Also, the overturning of the Antarctic bottom water
is too weak.

The stream function of the vertically integrated

mass transport is shown in Fig. 11. The major current
structures are realistically simulated. In the North
Atlantic, the maximum transport of 30 Sv by the sub-
tropical gyre is weaker than the observational estimate
of 48 Sv across 68◦W by Johns et al. (1995). The
strength of the North Pacific subtropical gyre reaches
over 40 Sv compared to the Qiu and Joyce (1992) esti-
mate of 52.4 Sv along 137◦E. A measure of the Indian
Ocean subtropical gyre is the transport off the Cape
of Good Hope, which approaches 100 Sv according to
Gordon (2001), but it is only about 70 Sv in Fig. 11.
The South Atlantic subtropical gyre transport exceeds
40 Sv, slightly stronger than the observational esti-
mate of 30 Sv (Peterson and Stramma, 1991). The
strength of the Antarctic Circumpolar Current is indi-
cated by a mean mass transport of 130.0 Sv through
the Drake Passage. In Lambert and Boer (2001), they
found an average mass transport through the Drake
Passage of 91.9 Sv among 15 coupled models stud-
ied, with a standard deviation of 62.3 Sv. The ob-
servational estimate is between 130.0–140.0 Sv (Read
and Pollard, 1993). Hence the FGOALS gl value is
realistic. The quality of a coupled climate model’s
Southern Ocean simulation depends upon both its at-
mospheric and ocean model components. These two
model components influence each other in ways which
are evident in the coupled system’s air-sea momen-
tum and buoyancy fluxes, and in the resulting three-
dimensional Southern Ocean circulation (Russell et al.,
2006). Large and Danabasoglu (2006) suggested that
the bias of ACC simulation can be partly attributed to
the eastward wind stress at the ACC latitudes. Russell
et al. (2006) have related the structure and transport
of the ACC to factors such as the Southern Ocean’s
wind forcing, heat, and salt budgets. The sub-polar
gyres in the North Atlantic and the North Pacific are
also evident in the simulation, with amplitudes less
than 20 Sv. The observational estimate of the North
Atlantic sub-polar gyre is 40 Sv according to Pickart et
al. (2002). The representation of these sub-polar gyres
should be a result of the increased horizontal resolu-
tion of the ocean model, since previous simulation with
lower horizontal resolution (e.g., Jin et al., 1999) failed
in producing these gyres. However, the performance
of the AGCM component should also have contribu-
tions. A twin version of the coupled model, namely
FGOALS s, which shares the same ocean component
of FGOALS gl, failed in producing the sub-polar gyres
(see Fig. 8 of Zhou et al., 2005b).

6. Interannual variability

The strongest natural mode of interannual variabil-
ity of the global climate system is ENSO. The atmo-
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Fig. 10. The annual-mean Atlantic meridional overturning streamfunc-
tion (Sv) due to the mean flow averaged over the model year 951–1000.
Contour interval is 5 Sv.

Fig. 11. The mean barotropic streamfunction (Sv) due to the mean
flow averaged over the years 951–1000.

spheric part of ENSO, the Southern Oscillation, ap-
pears as the leading mode of variability when an EOF
analysis is performed on the SLP. Figure 12 shows the
leading EOF pattern of SLP in the model simulation
and the NCEP/NCAR reanalysis. The EOF mode is
shown as a correlation pattern between SLP and the
principal component. The principal components were
calculated using the area-weighted monthly mean SLP
anomalies within 30◦S–30◦N. The leading mode ac-
counts for 16.6% of the total variance in the reanalysis.
It shows a dipole pattern across the tropical Pacific,
where positive SLP anomalies over the western Pacific
and Indian Ocean are associated with negative SLP

anomalies spanning a large range of latitudes in the
eastern Pacific and extending into the North Atlantic.
The EOF1 pattern of FGOALS gl shows a similar ge-
ographical distribution (Fig. 12a). It accounts for
27.3% of the total variance, which is larger than that of
the reanalysis. The main deficiency of the simulation
is that the signal over the eastern Pacific is too weak.
The negative anomalies extending into the North At-
lantic are absent in the simulation. The negative SLP
anomalies along the Antarctic continent in the simula-
tion are stronger than that in the reanalysis. Impacts
of ENSO on the Antarctic Oscillation have been found
in the reanalysis (Zhou and Yu, 2004). This impact is
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Fig. 12. Upper panels: The distribution of correlation coefficient between the monthly mean global
SLP field and the principal component of EOF1 of monthly mean SLP calculated over the area be-
tween 30◦S and 30◦N for (a) FGOALS gl for model years 951–1000 and (b) NCEP/NCAR reanalysis.
Lower panels: The time series of the principal components for (c) FGOALS gl and NCEP/NCAR,
and (d) the power spectra for the PCs.

Fig. 13. Similar as Fig. 12 except for the SST.

clearly too strong in FGOALS gl. In addition, the ob-
served positive anomaly in the southeastern Pacific
is weakly simulated by the FGOALS gl. Power spec-
tra of the principal components (Fig. 12d) show that
for periods shorter than 3 years, the FGOALS gl re-
sult has more power, while in the period band of 3–10
years; there is less power in FGOALS gl compared to
the reanalysis. The maximum power in the reanal-
ysis is around 3.5 years and the secondary power is

around 2.8 years. In FGOALS gl, the maximum power
is found at a slightly shorter period of 2.7 years, with
the secondary peak around 3.5 years.

The correlation pattern between SST and the prin-
cipal component of SST EOF1 is shown in Fig. 13.
A typical El Niño pattern stands out in the observa-
tion; the warm anomalies in the eastern tropical Pacific
are seen to occur in conjunction with prominent warm
anomalies in North Pacific SSTs off the west coast of
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Fig. 14. (a) The power spectra and (b) wavelet power spectrum of the
simulated monthly Niño-3.4 index time series during model years 400–
1000. The x-axis for panel (a) is the time period in unit of years. The
y-axis of panel (b) is the Fourier period (in years). The bottom axis is
the time (model year).

North America, as well as with cold anomalies in cen-
tral North Pacific. When positive SST anomalies form
in the equatorial eastern Pacific, SST anomalies of the
same polarity tend to develop in the tropical Indian
Ocean, while SST anomalies of reverse polarity de-
velop in the western Pacific straddling the equator and
extending to the subtropics. Warm anomalies also de-
velop in the tropical Atlantic and southeastern Pacific.
The simulated pattern closely resembles that of the
standard version of FGOALS g (Wang et al., 2005b;
Yu et al., 2005). Compared with the observation, the
tongue of warm water along the equator associated
with El Niño events in the model is too narrow in the
meridional direction and stretches too far westward,
even arriving in the western Pacific warm pool. This
is a common problem in many ocean-atmosphere cou-
pled models (e.g., Collins et al., 2001; Zhou et al., 2002;
Furevik et al., 2003). Another discrepancy of the simu-
lation is the warm anomalies to the north of the warm
tongue in the western Pacific. Apart from the above
discrepancies, the simulation shows reasonable agree-

ment with the observation, e.g. positive anomalies are
evident in the western tropical Indian Ocean and trop-
ical Atlantic (Fig. 13a). The principal component of
the observation has double spectral peaks on 2.8 and
3.5 years, respectively. The 3.5-year peak seems more
significant than the 2.8-year peak. The first principal
component (PC1) simulation exhibits a single spectral
peak around the center of 2.7 years. The El Niño fre-
quency in FGOALS gl is slightly higher than that in
the observation. In addition, one typical feature of El
Niño in the observation is its irregular frequency. The
oscillation of warm events in the model is too regu-
lar (Fig. 13c), and a similar condition is found in the
standard version of FGOALS g (Guilyardi, 2006).

To reveal the possible low-frequency variability,
a power spectrum analysis is performed upon the
monthly Niño-3.4 index time series covering model
years 400–1000 (Fig. 14a). It is not surprising to see
that most power concentrates within in the band of 3–
4 years. However, one prominent feature, different to
that shown in Fig. 13d, is the multiple-peaks. Periods



NO. 4 ZHOU ET AL. 667

Fig. 15. The spatial pattern of EOF1 of NDJFMA
(November–April) mean SLP calculated over the re-
gion poleward of 20◦N for (a) FGOALS gl and (b)
NCEP/NCAR reanalysis. The shading is the regression
of anomalous surface air temperature upon the principal
component of EOF1.

either longer than 5 years or shorter than 3 years are
also evident in the long term integration, suggesting
both an irregular frequency and a period transition of
ENSO in the coupled model simulation. This feature
is further confirmed by employing the Morlet wavelet
analysis, as shown in Fig. 14b. A prolonged time pe-
riod occurs during model years 680–780. A relatively
longer time scale is also evident during model years
800–900. Of importance is the irregular frequency dur-
ing the 600-year integration, although previous analy-
sis on the final 50-year simulation indicates a regular
oscillation (cf. Fig. 13d). This difference suggests the
role of internal variability in modulating the ENSO
frequency, since there was no change in the external
forcing agents during the 1000-year integration.

Another strong natural mode of interannual vari-
ability of the global climate is the North At-
lantic/Arctic Oscillation (NAO/AO), which have been

Fig. 16. The spatial pattern of EOF1 of NDJFMA
(November–April) mean SLP calculated over the re-
gion poleward of 20◦S for (a) FGOALS gl and (b)
NCEP/NCAR reanalysis. The shading is the regression
of anomalous surface air temperature upon the principal
component of EOF1.

used as observational metrics for validating climate
models (e.g. Zhou et al., 2002; Furevik et al.,
2003). Recent research revealed the impacts of
NAO/AO on East Asian climate (Gong et al., 2001;
Yu and Zhou, 2004; Li et al., 2005; Xin et al.,
2006). Figure 15 shows the EOF1 pattern of ND-
JFMA (November–April) mean SLP anomalies in
FGOALS gl and NCEP/NCAR reanalysis. The lead-
ing mode is the well-known Arctic Oscillation dipole
pattern. In the reanalysis, anomalous high pressure in
the subtropics is associated with anomalous low pres-
sure over the Arctic Ocean and the Nordic Seas (Fig.
15b). Following the typical positive AO phase, warm
surface air temperature anomalies over high latitudes
of the Eurasian continent are associated with lower
than normal temperatures centered in the Labrador
Sea. The southeastern part of North America is dom-
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inated by warm anomalies, while northwestern Africa
is controlled by cold anomalies. The main deficiency
of FGOALS gl in representing AO mode is an artifi-
cial high pressure center over the North Pacific. The
anomalous low pressure over the Nordic Seas extends
too far southward. As a consequence, warm surface
air temperature anomalies are located in the western
part of the Eurasian continent, and an artificial cold
center is found north of the Bering Sea.

The Southern Hemisphere counterpart of the AO
is the Antarctic Oscillation (AAO) or Southern Annu-
lar Mode (Gong and Wang, 1999). Figure 16 shows
the EOF1 pattern of NDJFMA mean SLP anoma-
lies over the Southern Hemisphere in FGOALS gl and
NCEP/NCAR reanalysis. The leading mode is the
AAO dipole pattern. Anomalous high pressure in the
subtropics is associated with anomalous low pressure
over the Antarctic in the reanalysis (Fig. 16b). Warm
surface air temperature anomaly over the subtropics
is associated with lower than normal temperature cen-
tered in the Antarctic. The FGOALS gl shows similar
patterns in the AAO mode and the associated surface
air temperature anomalies as the reanalysis.

7. Summary and concluding remarks

In this paper we have described the mean climate,
interannual variability, and long-term trend of a 1000-
year control integration of the low resolution version
of the LASG/IAP coupled climate system model us-
ing present-constant values of well-mixed greenhouse
gasses and no external forcing. The fast coupled
model employs a low-resolution atmospheric compo-
nent, GAMIL. The other parts of the model consist
of ocean component named LICOM, the land com-
ponent, CLM, and the sea ice component from NCAR
CCSM2. The low-resolution version of the LASG/IAP
climate system model has been run in a fully coupled
mode for 1000 years. After the adjustment with a
cooling trend during the first 150 years, the model has
attained a stable state. However, a change in comput-
ers led to further adjustments. During the final 600
years of integration, the global mean SSTs have virtu-
ally no trend, although the potential shifts of regional
surface temperature and deep oceans warrant further
validation. This is a major achievement for long-term
coupled integrations. The final 600 years of integra-
tion are recommended for internal climate variability
studies. The strengths and weaknesses of the control
simulation are summarized as below.

(1) The model captures the main features in the
observed climate. However, the model performances
over the domain poleward of 60◦ in both hemispheres
are generally poor, which is ascribed to the low AGCM

resolutions at high-latitudes. The main bias in precip-
itation is the “double ITCZ” problem, which led to
rainfall bias over the maritime continent, tropical In-
dian Ocean and the Asian monsoon domain. The bias
of model precipitation over the South and East Asian
monsoon area appears as a dipole structure, with ex-
cessive rainfall along 30◦N of East Asia and deficient
rainfall over South Asia. The artificial rainfall cen-
ter located on the eastern periphery of the Tibetan
Plateau persists throughout the year, which distorts
both horizontal distribution and seasonal migration of
major monsoon rain bands over East Asia.

(2) The South Pacific Convergence Zone stretches
too far eastward in the model, appearing as an artifi-
cial “double ITCZ” shape in the climatology of SST.
The “double ITCZ” is associated with a westward ex-
tension of the eastern Pacific cold tongue. While the
central equatorial Pacific is too cold by 1–2 K, the
marine stratus regions off the western coasts of North
and South America and off of Africa are too warm by
1–3 K. Cold biases are evident in the subtropical and
high latitudes of the North Pacific and the North At-
lantic. The Gulf Stream has a warm bias off Labrador.
While the extent of sea ice is acceptable, the bias in
sea ice concentration is large. Apart from the biases
in SST and sea ice simulations, the model is realis-
tic in simulating the oceanic 3-dimensional circulation.
The maximum meridional overturning streamfunction
in the Atlantic Ocean is 27.5 Sv, which is stronger
than the observational estimate of 17.0–18.0 Sv. The
mass transport through the Drake Passage is realistic,
with an intensity of 130 Sv. The model also shows
reasonable performances in simulating the sub-polar
gyres over the North Pacific and the North Atlantic
except with a weaker amplitude compared to the ob-
servational estimates.

(3) For the large scale internal interannual vari-
ability, focus has been put on the ENSO and annular
modes in both hemispheres. The model shows reason-
able performance in simulating the atmospheric part of
ENSO, the Southern Oscillation, although the signal
over the eastern Pacific is weaker than the reanalysis.
The Southern Oscillation accounts for larger variance
in the model than in the reanalysis. As the standard
version of the model, a typical El Niño pattern stands
out in the simulation; warm anomalies in the east-
ern tropical Pacific develop in conjunction with warm
anomalies in the North Pacific SSTs, off the west coast
of North America, as well as with cold anomalies in
the central North Pacific. Positive SST anomalies de-
velop in the western tropical Indian Ocean. However,
the tongue of warm water along the equator associ-
ated with El Niño events is too narrow in the merid-
ional direction and stretches too far westward. The
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simulated El Niño has a period of 2.7 years, which
is slightly higher than the observation. The oscilla-
tion of warm events in the model is too regular during
model years 951–1000, as in the standard version of
the model. However, an irregular frequency is found
during the 600-year integration, suggesting the modu-
lation of internal variability on the ENSO frequency.

(4) The model captures major features of annu-
lar modes, with a better performance for the southern
annular mode. The simulated AO mode has an artifi-
cial high pressure center over the North Pacific, which
leads to a bias in the associated temperature anoma-
lies.

The results presented in this study show that the
main aspects of the low resolution coupled solution
are acceptable, although several features of the cou-
pled climate are notably far from satisfaction com-
pared to the observation or re-analysis and standard
version of the model. Whether or not the shortcom-
ings of FGOALS gl climate are acceptable in light of
the large gains in computational efficiency is a question
that can only be answered by the individual modeler.
This evaluation depends upon the nature of the phe-
nomena under investigation. In addition, this paper
mainly evaluates the model performances in terms of
climatology and interannual variability, but with pre-
liminary analysis on long-term trends and period shift
of El Niño during long-term integration. Some aspects
of the low-frequency variability such as decadal to cen-
tennial variations in the Atlantic meridional overturn-
ing circulation and Asian Summer Monsoon need to
be quantified in a separate study.
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