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ABSTRACT

The Flexible Global Ocean-Atmosphere-Land System model, Spectral Version 2 (FGOALS-s2) was used
to simulate realistic climates and to study anthropogenic influences on climate change. Specifically, the
FGOALS-s2 was integrated with Coupled Model Intercomparison Project Phase 5 (CMIP5) to conduct co-
ordinated experiments that will provide valuable scientific information to climate research communities. The
performances of FGOALS-s2 were assessed in simulating major climate phenomena, and documented both
the strengths and weaknesses of the model. The results indicate that FGOALS-s2 successfully overcomes
climate drift, and realistically models global and regional climate characteristics, including SST, precipita-
tion, and atmospheric circulation. In particular, the model accurately captures annual and semi-annual SST
cycles in the equatorial Pacific Ocean, and the main characteristic features of the Asian summer monsoon,
which include a low-level southwestern jet and five monsoon rainfall centers. The simulated climate variabil-
ity was further examined in terms of teleconnections, leading modes of global SST (namely, ENSO), Pacific
Decadal Oscillations (PDO), and changes in 19th-20th century climate. The analysis demonstrates that
FGOALS-s2 realistically simulates extra-tropical teleconnection patterns of large-scale climate, and irregu-
lar ENSO periods. The model gives fairly reasonable reconstructions of spatial patterns of PDO and global
monsoon changes in the 20th century. However, because the indirect effects of aerosols are not included
in the model, the simulated global temperature change during the period 1850-2005 is greater than the
observed warming, by 0.6°C. Some other shortcomings of the model are also noted.
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1. Introduction the cryosphere, the land surface, and the biosphere.
Addressing the interplay of different components and

The climate system consists of five major inter- establishing the climate system’s response to changes
acting components: the atmosphere, the hydrosphere, in anthropogenic emissions of greenhouse gases require
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a coupled climate-system approach. Recognizing the
central importance of climate models in climate stud-
ies, the Institute of Atmospheric Physics (IAP), Chi-
nese Academy of Sciences has focused a great deal of
effort on the development and application of numerical
climate models, as part of the research activities of the
State Key Laboratory of Numerical Modeling for At-
mospheric Sciences and Geophysical Fluid Dynamics
(LASG). Many pioneering Chinese climate models, in-
cluding the Flexible Global Ocean-Atmosphere-Land
System model, Spectral Version 2 (FGOALS-s2) de-
scribed in this paper, have been developed at LASG-
TIAP.

The FGOALS-s2 is a global climate system model
developed by researchers mainly from the LASG-TAP.
The FGOALS-s2 was developed to provide a pow-
erful numerical tool for realistically simulating cli-
mate, modeling anthropogenic influences on climate
change, and understanding the processes and mecha-
nisms of climate variability. The model has been avail-
able to many scientific communities for the solution of
climate-related problems occurring at a broad range
of timescales, from diurnal to centennial and even mil-
lennial. The FGOALS-s2 has been useful for Chinese
climate research on topics such as paleo-climate, his-
torical climate, recent global warming, and future cli-
mate projection.

The early version of FGOALS-s2, the Global
Ocean-Atmosphere-Land System model (GOALS),
a first-generation air-sea coupled model of the
LASG/IAP, was released at the end of the 20th cen-
tury (Zhang et al., 2000). The first spectral version
of the Flexible Global Ocean-Atmosphere-Land Sys-
tem model (FGOALS-s1) was released in 2004. Com-
pared with GOALS, the spatial resolution of each com-
ponent of FGOALS-s1 was markedly increased, from
5° to 2.81° longitude and 4° to 1.66° latitude (Liu
et al., 2004; Wang et al., 2005), and the models of
several major physical processes were improved (Zhou
et al., 2005). In 2010, the atmosphere component of
the LASG TAP climate system model was updated to
Spectral Atmospheric Model of IAP LASG, version
2 (SAMIL2); the relevant coupled model was named
FGOALS-s1.1. The major modifications of this cou-
pled model were in the atmospheric components in-
volving the radiation scheme, the cumulus parameteri-
zation scheme, and the cloud scheme (Bao et al., 2010).

FGOALS-s2 is the newest member of the
FGOALS-s family; this version has been used in
the Coupled Model Intercomparison Project Phase 5
(CMIP5) experiments. The standard format results
of FGOALS-s2 were submitted to CMIP5 via a net-
work of servers called Earth System Grid data nodes.
This overview paper describes the main developments
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and improvements in the model components. The per-
formance of the model in simulating mean climate and
major climate phenomena is assessed, and its strengths
and weaknesses are documented.

The paper is organized as follows. The framework
of the model and experimental designs are documented
in section 2; section 3 is a presentation of simulated re-
sults of model stability, time-mean characteristics, and
patterns of atmospheric circulation variability; finally,
section 4 provides a conclusion and discussion.

2. Model descriptions and experimental de-
signs

The climate system model version of FGOALS-s2
includes four individual components: an atmosphere
component, SAMIL2 (Bao et al., 2010; Liu et al.,
2013); an ocean component, the LASG IAP Climate
System Ocean Model version 2 (LICOM2) (Liu et al.,
2013); a land component, the Community Land Model
version 3 (CLM3) (Oleson et al., 2004); and a sea ice
component, the Community Sea Ice Model version 5
(CSIM5) (Briegleb et al., 2004). A flux coupler module
(Collins et al., 2006) drives these four major compo-
nents.

The major differences between FGOALS-s1.1 and
FGOALS-s2 are the ocean component, the land com-
ponent, the sea ice component and the coupler, which
are updated in FGOALS-s2, while the atmosphere
component still shares the same resolution and physi-
cal modules with FGOALS-s1.1 (Bao et al., 2010).

2.1 The atmosphere component and the land
component

The atmospheric component of FGOALS-s2,
SAMIL2 version 2.4.7, is a spectral model with a
horizontal resolution of R42, approximately 1.66°
(lat)x2.81° (lon). There are 26 vertical layers and
the top layer of SAMIL2 is 2.19 hPa, except for radi-
ation processes, 10-minute dynamic and physical time
increment of integration in the SAMIL2 is employed.
The radiation scheme in SAMIL2 is the Sun-Edwards-
Slingo scheme (Edwards and Slingo, 1996; Sun and
Rikus, 1999a, b; Sun, 2011); the scheme is able to
accommodate the direct effects of aerosols (Li et al.,
2012). The cumulus parameterization of SAMIL2 is
the mass flux scheme of Tiedtke (1989) (Song, 2005).
The planetary boundary layer (PBL) component is a
higher-order closure scheme (Brinkop and Roeckner,
1995).

The land component of FGOALS-s2 is CLM ver-
sion 3.0 (Oleson et al., 2004), while CLM version 2 is
used in FGOALS-s1.1. The land component has a hor-
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izontal resolution of 1.66° (lat) and 2.81° (lon), which
are the same as those of the atmospheric component.
The details of CLM3 can be found in the Technical
Description of the Community Land Model in Oleson
et al. (2004). The CLM3 is able to use a flexible time
step. In our CMIP5 runs, a time step of 20 minutes
was employed.

2.2 The ocean component and the sea ice com-
ponent

The oceanic component of FGOALS-s is LICOM,
which is the fourth generation of the LASG Oceanic
General Circulation Model (OGCM) (Liu et al., 2004);
the first generation was introduced in 1989 (Zhang and
Liang, 1989). FGOALS-s2 uses LICOM2 that contains
several improvements relative to LICOM1.0 and LI-
COM1.1, which is used in FGOALS-s1.1. First, the
horizontal resolution in LICOM?2 has been increased
in the tropics (from 1°x1° to 0.5°x0.5°) and the ver-
tical resolution has been adjusted to 10-m layer thick-
nesses in the upper 150 m (Wu et al., 2005). Second,
a new advection scheme has been introduced in LI-
COM2 (Xiao, 2006). Third, the modeling of physi-
cal processes has been updated or improved, including
those for mixing schemes (Canuto et al., 2001; Liu et
al., 2013) and the solar penetration scheme (Lin et al.,
2007).

The sea ice component of FGOALS-s2 is CSIMb
(Briegleb et al., 2004), which is a thermodynamic-
dynamic sea ice model. CSIM5 is an updated ver-
sion of CSIM version 4, while the version 4 is used in
FGOALS-s1.1. The CSIM5 shares the same grid sys-
tem as that of the ocean component, which is required
by the flux coupler component of FGOALS-s2.

2.3 FGOALS-s2 CMIP5 experiments

CMIP5 standard experiments included two suites
of runs: (1) long-term experiments performed at
century-long time scales, and (2) near-term experi-
ments performed at decadal time scales. Runs at both
time scales were grouped as either “core” set, “tier 1”
set, or “tier 2”7 set, based on the experiments’ prioriti-
zation: the core experiments are taken as basic runs,
which should be completed by all models. The tier 1
experiments are taken as the first priority runs, which
are about specific aspects of climate model forcing,
response, and processes, and tier 2 experiments are
more specific aspects than tire 1 experiments (Taylor
et al., 2012). All “core” experiments, most supple-
mental “tier 1”7 experiments, and some “tier 2” ex-
periments conducted at both time scales have been
successfully performed using FGOALS-s2. In terms
of long-term experiments, FGOALS-s2 has been inte-
grated over a period of more than 2700 model years,

BAO ET AL. 563

generating a total of approximately 40 terabytes of
output data.

In this study, both pre-industry control experi-
ments and 19th-20th century simulations (historical
simulations) were used to evaluate model output of
FGOALS-s2 CMIP5 long-term runs. The pre-industry
control experiment has been integrated over a period
of more than 1000 years, and the last 500 years of
data were submitted to CMIP5. All varieties of forc-
ing in the pre-industry control run were fixed at the
year 1850. The historical simulations were integrated
over the period 1850-2005. The historical simulations
include imposed changes in atmospheric composition
(including CO3), caused by volcanic influences, so-
lar radiative forcing, concentrations of short-lived at-
mospheric species, and concentrations of natural and
anthropogenic aerosols. To reduce the uncertainties
arising from different initial conditions, three groups
of historical simulations were performed as ensemble
members; the initial conditions of these runs were
different from those of the pre-industry experiment.
The following evaluations and diagnoses were retrieved
from the three ensemble means, and the time means
from 1971 to 2000 were then treated as climatological
results. To investigate variations in patterns of atmo-
spheric circulation, the analyses were performed for all
ensemble members, but only the results from the first
ensemble member are reported in this paper.

3. Results

3.1 Stability

The stability of a climate system model is a critical
criterion, guaranteeing for the achievement of long-
term integration; usually, time series of global mean
SST obtained from model control runs are taken as an
important index for quantifying the coupled model’s
stability. The time series of the annual global-mean
SST (Figure not shown) was derived from the 500-
year pre-industry control run of FGOALS-s2. Vari-
abilities at multiple time scales, from interannual to
interdecadal, in the climate system can be detected by
the SST index, while an insignificant trend of —0.1°C
per 500 years was observed in a long-term control run.
The long-term trend of the SST index reflects the sta-
bility of mass and energy flux exchanges at the air-sea
interface. Additionally, some other important indexes,
including the mass, water content, sea ice, salinity, and
global ocean heat transport etc., have been examined
to check the stability, they share the same results of
SST (Lin et al., 2013). In this regard, FGOALS-s2
successfully exhibits stability with respect to air-sea
coupling.
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Fig. 1. Annual mean Sea Surface Temperature for the
model (top), the observation (middle) and their differ-
ence(bottom). Hadley Centre sea-Ice and Sea Surface
Temperature dataset [HadISST (Rayner, et al., 2003)] is
used for comparison as the observation. Units: °C.

3.2 Time-mean characteristics

3.2.1

Global distribution of annual mean SST was used
to address model behavior and drift; these were re-
trieved from the three ensemble runs of the FGOALS-
s2 historical experiments. The general characteris-
tics of tropical SSTs show a warm pool in the West-
ern Pacific and Indian Ocean and a cold tongue in
the Eastern Pacific. The modeling results were com-
pared with values from the Hadley Centre sea-Ice and
Sea Surface Temperature dataset (HadISST) (Rayner
et al., 2003), which are taken as the observed SSTs
(see Fig.1). Although the northward extension of the
western Pacific warm pool is slightly underestimated,
FGOALS-s2 fairly simulates the main characteristics
of the warm pool SST in both the equatorial Indian
Ocean and the equatorial western Pacific; in partic-
ular, the model successfully captures the two warm
(29°C) SST centers along the equatorial Indian Ocean.
The successful simulation of the cold tongue provides
a good solution for overcoming the modeling bias of

Ocean and sea ice climatology
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the “double intertropical convergence zone (ITCZ)”.
The simulated cold tongue by the FGOALS-s2 is quite
close to that of the observations, especially along the
simulated 26°C SST contour in the equatorial East-
ern Pacific, which, in the Southern Hemisphere (SH),
extend approximately to 115°W longitude. There-
fore, the phenomenon of the “double ITCZ” gener-
ally disappears. This conclusion is also supported by
the simulated mean annual precipitation. However,
the main biases in the simulation of SST are positive
along the western coastlines of continents, including
South America, North America, and Africa; these bi-
ases may be related to the less simulated stratus cloud
over the off-equatorial East Pacific and Southern-east
Atlantic margins regions (not shown), which leads to
the strengthened downward shortwave flux, then in-
duces the warm biases of SST in these regions. Overall,
it is concluded that no significant climate drift exists
in the simulations.

One of the highlights of the FGOALS-s2 is its per-
formance in simulating the climatological mean annual
cycle of equatorial Pacific SST. Figure 2 shows the cli-
matological mean annual cycles of equatorial Pacific
SST from the FGOALS-s2 and HadISST. FGOALS-
s2 reasonably reproduces three distinct characteristics
of the climatological mean annual SST cycles in this
region, including the realistic annual cycle structure
of equatorial Eastern Pacific SST, the realistic semi-
annual cycle structure of equatorial Western Pacific
SST, and their transition phases, which appear as a
westward extension of the warm SST anomalies in the
early parts of the year.

Ocean meridional circulations play an important
role in transporting heat. Figure 3 shows global
meridional overturning circulation (MOC) and At-
lantic MOC (AMOC). The overall patterns and posi-
tions of cells, water masses, and overturning are similar
to observed patterns (Lumpkin and Speer, 2007) and
the results of other models (e.g., Meehl and Stocker,
2007). The tropics and subtropics cells in the upper
layer (above 500 m) are mainly driven by wind stress.
At depths of 500 to 2500 m North Atlantic Deep Wa-
ter (NADW), which is mainly produced in the North
Atlantic, dominates north of 35°S. The maximal value
of NADW (19 Sv) is located at 26°N at a depth of
approximately 1000 m, which is close to the observed
value of 18.5 Sv at 26.5°N. Antarctic Bottom Water
(AABW) is located north of 50°S at depths greater
than 2500 m. At approximately 50°S, the Deacon cell
penetrates from the surface to about 4000 m; its max-
imal value is 36 Sv. At high latitudes, polar MOCs
exist in the SH and NH, with values of about 4 Sv in
both regions. The further study suggests that the rea-
sonable simulations of the oceanic mixed layer depth
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Fig. 2. Annual cycle of the equatorial Pacific SST in the
model (a) and the observation (b). HadISST (Rayner et
al., 2003) is used for comparison as the observation. The
units of SST is °C. The equatorial Pacific Ocean regions
is defined between —5°S to 5°N.

and the wind stirring lead to a realistic vertical mix-
ing in FGOALS-s2, which enhances MOC and makes it
more realistic compared with the results of FGOALS-
sl (Lin et al., 2013).

The mean annual sea ice concentrations in NH and
SH are shown in Fig.4. Since the enhanced MOC
transports more heat from the tropics to middle and
high latitude in FGOALS-s2, the sea ice concentra-
tions become more realistic compared with FGOALS-
s1’s results (Lin et al., 2013). However, there are still
some biases: the simulated extent of sea ice, as defined
by 15% iso-contour lines, is less than observed (Fig. 4a)
in Japan Sea, North Pacific, Bering Sea, Labrador Sea,
and in downstream areas; while the sea ice concentra-
tion is overestimated in the Sea of Okhotsk, Norway
Sea, and Barents Sea. These biases in the NH regions
are mainly attributable to the simulated errors in

March. In the SH regions, the maximal sea ice con-
centration is located in Weddle Sea, as observed (not
shown). The extent of sea ice simulated by FGOALS-
s2 (enclosed by the 15% concentration contour) is
greater than observed, except in the Pacific and Indian
Ocean regions, and the north of Weddle Sea (Fig. 4b).
Additionally, the simulated seasonal variations are re-
ported in another study (Lin et al., 2013).

3.2.2  Atmosphere and land climatology

The hydrologic cycle is a crucial component of
the climate system. Figure 5 compares the global
and zonal mean annual precipitation from FGOALS-
s2 simulations with the Climate Prediction Center
Merged Analysis of Precipitation observations (XIE-
ARKIN) (Xie and Arkin, 1997). The FGOALS-s2 well
reproduces the spatial patterns of precipitation along
the ITCZ and the South Pacific convergence zone, al-
though the precipitation center of the tropical Indian
Ocean is shifted southeastward in the simulation. The
annual, winter, and summer zonal means of precipita-
tion from FGOALS-s2, the Global Precipitation Cli-
matology Project (GPCP) (Adler et al., 2003), and
CPC Merged Analysis of Precipitation (CMAP) are
presented in Fig. 5. As compared with the two observa-
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Fig. 4. The simulated annual mean sea ice concentrations (%) in Northern Hemisphere (a)
and Southern Hemisphere (b) in FGOALS-s2. The purple red lines are for the observed 15%-
concentration values. The black lines are for FGOALS-s2.
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Fig. 5. Annual mean Precipitation in FGOALS-s2 (top)
and XIE-ARKIN observations (middle) (Xie and Arkin,
1997); the lower panel is the zonal mean precipita-
tion for Annual (ANN)(bottom left), December-January-
February (DJF) (bottom middle) and June-July-August
(JJA) (bottom right). The red solid lines are from
FGOALS-s2, and the blue dashed lines are from XIE-
ARKIN observations. Units: mm d ',

tional datasets, FGOALS-s2 well captures the local
maximum peaks of precipitation in both tropical and
subtropical regions, and realistically reproduces sea-
sonal precipitation peaks, which are characterized by
double peaks in the boreal winter with a maximum
peak located in the SH and a single peak in the bo-
real summer with a maximum peak in NH. The global
mean bias and RMS error between the model and
CMAP observation are 0.03 mm d~! and 1.21 mm
d-t.

Figure 6 shows the global annual mean values of
the 2-meter air temperature (TAS) in the simula-
tions of historical runs, as compared with the observa-
tion of CRU TS2.1 (Climatic Research Unit, Univer-
sity of East Anglia, Surface Temperature version 2.1:
Mitchell and Jones, 2005). FGOALS-s2 well repro-
duces the basic patterns of the TAS, including warm
continents in equatorial regions and cold continents
close to Polar Regions. However, some biases are
found in mid- to high latitude regions of NH, where
FGOALS-s2 underestimates the lower TAS. Detailed
analyses further suggest that the biases are strongly
affected by the behavior of simulated low-level cloud
amounts.

3.3 Climate variability

The evaluation of climate variability patterns sim-
ulated by FGOALS-s2 involves the following aspects:
major teleconnection patterns, the ENSO, and the Pa-
cific Decadal Oscillation (PDO). These aspects were
compared with the observational data following the
study in IPCC Fourth Assessment Report Chapter
3.6 (IPCC, 2007). The evaluation of the intraseasonal
variability has been comprehensively reported in other
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Fig. 6. Annual mean of the 2 meter air temperature for
FGOALS-s2 (top), observation (CRU TS 2.1, Brohan et
al., 2006) (middle) and their difference (bottom). The
air temperature is in units of °C.

studies (Yang et al., 2008, 2010, 2012).

3.3.1

The North Atlantic Oscillation (NAO) is a large-
scale alternation involving atmospheric masses, and it
strongly influences regional climate, particularly in the
Atlantic-European sector, and even in East Asia (Yu
and Zhou, 2004). Evaluation of the performance of the

Teleconnections

IPNA =

Where, for example, Z*(20°N, 160°W) represents a
normalized departure from the mean 500-hPa geopo-
tential height at 20°N, 160°W in winter. In the re-
analysis (Fig.8), the regression coefficients are about
15 gpm over the subtropical North Pacific, close to
40 gpm over northwestern North America, about —80
gpm over the northeast Pacific, and about —20 gpm
over southwestern North America. The four anoma-
lous centers are located over the North Pacific and
across North America, presenting a typical PNA tele-
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coupled system in simulating the NAO is one of the
important foci of the climate modeling community.

To examine the NAO simulation by FGOALS-
2, the December—January—February (DJF) average of
Sea Level Pressure (SLP) and the first leading mode of
the EOF analysis of SLP are compared with the simu-
lation results (Fig. 7). The simulation results are sim-
ilar to observed wintertime mean SLP patterns in the
Atlantic sector of NH, although the simulated Azores
High is stronger than that in the reanalysis data; these
patterns are similar to those achieved using a previous
version of the FGOALS model (Zhou et al., 2000). The
Icelandic Low simulated by FGOALS-s2 is matched
well with the reanalysis data, except that the action
center is shifted slightly northwards in the simulation
and the simulation intensity is stronger than that in
the reanalysis data (Figs. 7a, b).

To assess the ability of FGOALS-s2 to reproduce
the NAO pattern, an EOF analysis was conducted on
the SLP anomaly over the North Atlantic sector (0°—
90°N, 110°W-50°E). The leading EOF pattern of the
DJF SLP derived from the simulation (Fig.7d) shows
a classic NAO signal, similar to that observed in the
reanalysis data (Fig. 7c); both features show a seesaw-
like variation in the DJF SLP between Iceland and
Azores. The variances explained by the simulation and
the reanalysis data are also comparable: the EOF1
of the reanalysis data accounts for 45.1% of the DJF
SLP variability in the region, while the EOF1 of the
FGOALS-s2 accounts for 43.8% of the variance. Thus,
the FGOALS-s2 model produces a faithful simulation
of the NAO.

The Pacific-North America (PNA) teleconnection
is one of the most prominent large-scale patterns of
atmospheric low-frequency variability in the northern
extra-tropics, arching from the tropical Pacific across
to North America; it is a good example of a wave train.

To measure the intensity of the PNA teleconnec-
tion, the PNA index (IPNA) defined in Wallace and
Gutzler (1981) is used.

[Z*(20°N, 160°W) — Z*(45°N, 165°W) + Z*(55°N, 115°W) — Z*(30°N, 85°W)]

4

connection pattern. The spatial patterns of the PNA
teleconnection derived from the reanalysis data are
reasonably simulated by FGOALS-s2, but the simu-
lated anomalous centers are generally stronger than
their counterparts in the reanalysis data, except for
the center over the subtropical North Pacific.

3.3.2  ENSO wvariability

On interannual time scales, the leading mode of
global SST variability is related to ENSO events. The
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Fig. 7. The DJF averages of sea level pressure (SLP) (a, b, in hPa) and the first EOF modes of
DJF SLP covariance matrices (¢, d). (a, c) are based on NCEP2 reanalysis data for the period of
1979-2009. (b, d) are based on FGOALS-s2 historical run 1971-2000.
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Fig. 8. Regression coeflicients of winter 500 hPa geopo-
tential height anomaly from NCEP2 (top) data, and
FGOALS-s2 (bottom) Historical run against the corre-
sponding PNA index. Units: gpm.

method of EOF is used to retrieve the leading mode
of SST from the coupled models and observations. As
illustrated in Fig.9, FGOALS-s2 shows a remarkable
reproduction of the spatial pattern of the leading mode
of SST, but the simulated negative SST anomalies over
the south and north Pacific regions are a little weaker
than observed anomalies. It should be noted that
the simulated negative correlation associated with the
PNA pattern over North Pacific is weaker than the
observed values (Fig.8), which implies a weaker re-
sponse of the atmosphere in middle latitudes to trop-
ical thermal forcing; this is also demonstrated by the
correlation coefficients between the PNA index and
the Nifio3 index, which are —0.4 and —0.2 for the ob-
servations and the model, respectively. As a result
of the weaker response to tropical heating, the nega-
tive SST anomalies associated with ENSO events in
the North and South Pacific are weaker than those
observed in Fig.9. On the other hand, FGOALS-s2
successfully simulates a characteristically broad spec-
tral peak in the range of two—seven years with double
peaks at around four and six years, which is basically
consistent with Reynolds observations, although the
model simulates a slightly longer period for the ENSO
than what is observed. Furthermore, the correspond-
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Fig. 9. The leading mode of global SST Variability in FGOALS-s2 (left) and Reynolds (right). The em-
pirical orthogonal analysis (EOF) is used to get the leading mode of SST. The corresponding principal
component (PC) are shown in the middle panels. The lower panels are the spectral analysis on the PC
(bottom curves) and the variance of the PC (bottom bars) for the FGOALS-s2 (bottom left) and Reynolds
(bottom right). In the bottom curve figures, the red lines are the “Markov red noise”, and orange and
blue lines represent the 95% and 5% significance levels respectively.

ing time series show a phase-lock phenomenon similar
to what is observed; e.g., the largest SST anomalies as-
sociated with simulated ENSO events occur in boreal
winter. Compared with previous versions of FGOALS
(Yu et al., 2011), the prominent improvements in the
current version are in the simulations of the ENSO’s
amplitude and irregularity. The standard deviation
of the observed Nino3 index is approximately 0.85°C;
FGOALS-s2 produces a very close estimate, of 0.88°C.

3.3.3  Pacific Decadal Oscillation

The PDO, the leading mode of SST anomalies in
the North Pacific, represents a coupled mode of the
ocean-atmosphere system; thus the PDO signal can
be found in subsurface ocean and atmospheric cir-
culation patterns. The time series of the first EOF
for SST anomalies for models and observations in the
North Pacific are shown in Fig. 10; both patterns show
prominent decadal variability. The spatial pattern of

the PDO is derived by a regression of the first prin-
cipal component against global SST anomalies. The
observed spatial PDO pattern is very similar to that of
ENSO, e.g., showing positive anomalies in the tropical
Pacific and negative anomalies in the North Pacific,
although the latter is stronger than the former in the
PDO pattern, and the former is stronger than the
latter in the ENSO pattern, as noted by Zhang et al.
(1997). The PDO pattern in the simulations is funda-
mentally similar to the observed patterns, in that there
is a negative correlation between SST anomalies in the
tropical and North Pacific in both the observed and
simulated data, but positive anomalies in the tropical
Pacific are much weaker in the simulations than in
the observed data. Thus, at decadal and interdecadal
time scales, the simulated relationship between the
tropical and North Pacific is weaker than observed,
which is similar to what is found at interannual time
scales. Because the PDO signal can be regarded as a
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Fig. 10. Pacific Decadal Oscillation in FGOALS-s2(left panels) and HadISST (right panels). SST based on the
leading EOF SST pattern for the North Pacific basin (20°-65°N, 160°E-110°W) from 1901 to 2004 (top panels);
time series of the first EOF mode of SST anomalies in the box shown (standardized), and the solid black curve
shows decadal variations after 10-year run-average. (bottom panels).
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Fig. 11. The time series of the global mean 2m air tem-
perature from 1850 to 2005. FGOALS-s2 is on the top,
and HadCRUT3v observation is on the bottom. Units:
°C.

residual effect of ENSO variability (Zhang et al., 1997),
the cause of the model bias in the PDO pattern should
be similar to that in ENSO—the simulated atmo-
spheric response to El Nino warming is weaker than
observations in North Pacific.

3.4 19th—-20th century climate

The global means of surface temperatures from
FGOALS-s2 simulations and HadCRUT3v (variance
adjusted version of HadCRUT3) observations (Bro-
han et al., 2006) are shown in Fig.11; the corre-
lation coefficient between these two time series is
0.873. The HadCRUT3v observations exhibit two
major warm-climate periods during the period 1850—
2005, which are denoted by red bars at the bottom
of Fig.11. FGOALS-s2 successfully captures the later
warm-climate period, starting in the 1970s, while the
model failed to simulate the first warm-climate period
that occurred in the 1940s. The global surface tem-
perature based on HadCRUT3v has increased 0.7°C
since the late 19th century (1850-2005), but the sim-
ulated global surface temperature in FGOALS-s2 his-
torical runs has increased 1.3°C. Thus, the simulated
warm-amplitude of FGOALS-s2 is greater than that of
the HadCRUT3v data, which is likely due to a miss-
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t-test are plotted.

ing component in the model for the indirect effects of
aerosols.

Hydrologic changes in the 20th century climate are
explored through changes in the mean annual range of
precipitation, which is attributed to the global mon-
soon (Wang and Ding, 2006). Figure 12 shows the
changes in the mean annual range of precipitation
from FGOALS-s2 simulations and PREC/L (NOAA’s
PRECipitation REConstruction over Land) observa-
tions (Chen et al., 2002), and the differences between
the changes during the period 1976-2003 and those
during the period 1948-75. As compared with obser-
vational changes, FGOALS-s2 well captures the weak-
ening trends of the South Asian monsoon, the East
Australian monsoon, and the South African monsoon,
and the strengthening trend in the eastern part of the
South American monsoon. However, the simulation
does not capture the drying and moistening trends in
the regions of the North African monsoon and East
Asian monsoon. In addition, the model fails to repro-
duce the drying trends in the monsoon regions of the
southern U.S. and northern China.

3.5 Monsoon stmulations

3.5.1 Asian monsoon

The Asian monsoon, the most powerful monsoon
system in the world, includes the South Asian sum-
mer monsoon (SAM), the East Asian summer mon-
soon (EASM), and the western North Pacific summer

monsoon (WNPSM). Observed Asian monsoon precip-
itations and circulations are shown in Fig.13a. The
five major South Asian tropical precipitation centers
are located on the western rim of India and in the
Bay of Bengal, the South China Sea, the Philippine
Sea, and the southeastern Indian Ocean to the west of
Sumatra. In the subtropical zone, a substantial Meiyu
rainband extends eastward from the middle and lower
reaches of the Yangzi River to the east of Japan. A
strong cross-equatorial Somalia jet in the western In-
dian Ocean corresponds to precipitation distributions
in this area; the stream turns eastward from the Arab
Sea to the South China Sea, and then turns northward
and transfers water vapor poleward.

The FGOALS-s2 reproduces the five major tropical
precipitation centers, although the simulated precipi-
tation on the western rim of India is stronger than
observed values, while the simulated precipitation in
South China Sea and western North Pacific is much
weaker than observed values. Meanwhile, the model
gives unrealistic precipitation levels on the southern
slope of Tibetan Plateau. The ITCZ in the south-
ern tropical Indian Ocean simulated by FGOALS-s2 is
shifted westward and poleward relative to that in the
observations. Correspondingly, the cross-equatorial
component of the Somalia Jet is weak in the FGOALS-
s2 simulation. In the subtropical zone, the simulated
Meiyu rainband is shifted outside of East Asia; the dis-
crepancy is associated with the eastward withdrawal
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datasets) (a) and FGOALS-s2 (b).

of the western edge of the western Pacific subtropical
high.

The stepwise meridional displacement is one of the
most distinctive characteristics of the East Asian mon-
soon, as compared with other tropical monsoon sys-
tems. Observations show that the main rainband,
located in South China before mid-May (Fig.14),
reaches the middle and lower reaches of the Yangzi
River in June, during which time it forms the Meiyu
frontal zone. The monsoon precipitation expands to
its northernmost extent (at about 40°N) in July and
August, and gradually withdraws southward there-
after. The FGOALS-s2 reproduces the stepwise merid-
ional displacement of the monsoon rainband, although
the simulated southward withdrawal of the rainband is
slower than that of the observed withdrawal (Fig. 14).

3.5.2  African monsoon

The African monsoon is mainly caused by the
thermal contrast between African Continent and At-
lantic Ocean, and the monsoon rainbelt follows sea-
sonal movement of the ITCZ. The surface air tempera-
ture gradient and the sea level pressure are reasonably
simulated by FGOALS-s2, in particular, the vertical
extension and magnitude of the dry convection in the
African heat low is well captured in North Africa (Fig-

ure not shown). FGOALS-s2 reproduces a belt of max-
imum precipitation between 5°N and 10°N (Fig. 13b),
which is consistent with observations. However, the
rainfall maximum along the Gulf of Guinea is not well
captured, and the total precipitation over land is un-
derestimated by the model. The seasonal movement of
the monsoon rainbelt broadly follows the observation,
but the timing is delayed by one month (Fig.14d).
Although the northern limit of ITCZ movement is
about 5° northward more than that in the observation,
the monsoonal precipitation is underestimated partic-
ularly during the boreal summer (Fig. 14b). The zonal
averaged profile of the vertical velocity shows that
simulated convection within the ITCZ is weaker than
that in NCEP2 reanalysis data (Figure not shown),
which leads to a simulated weaker total precipitation
(Figs. 13b and 14d).

4. Summary and conclusions

This study described the framework and perfor-
mances of the global climate system model named
FGOALS-s2. The FGOALS-s2 consists of: SAMIL2,
the atmosphere component; LICOM?2, the ocean com-
ponent; CSIMS5, the sea ice component; and CLMS3,
the land component. These components are cou-
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pled together with the flux coupler from NCAR.
FGOALS-s2 has been used to conduct the experiments
for analysis studies supporting the IPCC AR5 and
the CMIP5. The 500-year pre-industry control run
and three groups of 19th—20th historical runs were
adopted in this study to exhibit the general behaviors
of FGOALS-s2.

In conclusion, the FGOALS-s2 exhibits significant
improvements and stability in the long-term control
run, for reproducing climatological time-mean behav-
iors, and for simulating patterns of atmospheric cir-
culation variability. The comprehensive evaluations
indicate that climate drift is well controlled. The
FGOALS-s2 simulates a realistic global climate: the
model shows reasonable warm pools and cold tongue,
the common bias of the ‘double ITCZ’ is greatly re-
duced, and the simulated precipitation is comparable
with observations. Meanwhile, the behaviors of the
simulated ASM and the annual cycle of rainfall in East
Asia are reasonable. In particular, the model well cap-
tures the phenomena of annual and semiannual cycles

of SST in the equatorial Pacific Ocean. The simulated
patterns of atmospheric circulation variability are fur-
ther examined using the PNA and NAO teleconnec-
tions, ENSO-related modes of global SST, PDO, and
19th—-20th century climate. The comparisons between
simulations and observations indicate that FGOALS-
s2 pretty well reproduces the main characteristics of
PNA and NAO teleconnections, ENSO irregular peri-
ods, and the global response to ENSO signal; the sim-
ulations of both PDO and the global monsoon changes
in the 20th century are fairly reasonable.

FGOALS-s2 also shows some biases, and our model
team members are working towards eliminating these
biases. The major bias in the climate change simu-
lation is that the global mean warming amplitude for
19-20th century is slightly higher than observation.
The absence of a component for the indirect effects of
aerosols is probably a major cause of this bias. Fortu-
nately, work is underway to develop a new approach
that considers the indirect effects of aerosols, for in-
corporation into SAMILZ2; thus, the indirect effects of
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Fig. 15. Time series of the carbon dioxide (CO2) concentrations (blue curves) and
SST (red curves) in 250-year pre-industry control run with the earth system version
of FGOALS-s2. The thick curves are smoothed by 11-year running mean. The trends
of CO2 is —1 ppm per 250 years and SST is —0.03°C per 250 years.

aerosols will be taken into consideration in the next
version of FGOALS-s, which will refine the climate
change simulation of FGOALS-s and may generate a
more realistic result.

It has been pointed out that the incorporation of
carbon cycle processes into the climate system model
would make the climate changes of the model more
realistic (Friedlingstein et al., 2006). The determina-
tion of the carbon feedback influence on climate change
is of great interest for IPCC AR5 and CMIP5 mod-
els. The carbon cycle is included in both the land
and ocean components of FGOALS-s2; namely, in the
Earth System Model version (ESM) of FGOALS-s2,
which is available for carbon—climate feedback study
in CMIP5. In the ESM of FGOALS-s2, the land
carbon processes are calculated using the Vegetation
Global Atmosphere and Soil model of (VEGAS) (Zeng
et al., 2004), and the ocean carbon cycle with a simple
biogeochemical process is incorporated into the ocean
component (LICOM) of the FGOALS-s2. This ver-
sion of ocean carbon-cycle module (IAP-OBM) is a
modified one that originated from the carbon cycle
model of the Pacific Ocean (IAP-OBM) (Li and Xu,
2012). The preliminary results from the FGOALS-s2
ESM are given in Fig. 15, which shows the time series
of CO5 concentrations and corresponding SST for the
250-year pre-industry control run. The results demon-
strate that both the carbon cycle and the coupled cli-
mate system reach stable states. Further studies with
the FGOALS-s2 ESM will be reported soon.
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