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ABSTRACT

This paper evaluates the performance of a coupled general circulation model FGOALS_s1.1 developed
by LASG/IAP in simulating the annual modes of tropical precipitation. To understand the impacts of
air-sea coupling on the annual modes, the result of an off-line simulation of the atmospheric component of
FGOALS_sl1.1, i.e., LASG/IAP atmospheric general circulation model SAMIL, is also analyzed.

FGOALS_s1.1 can reasonably reproduce major characteristics of the annual mean precipitation. Nonethe-
less, the coupled model shows overestimation of precipitation over the equatorial Pacific and tropical South
Pacific, and underestimation of precipitation over the northern equatorial Pacific. The monsoon mode
simulated by FGOALS_s1.1 shows an equatorial anti-symmetric structure, which is consistent with the ob-
servation. The bias of the coupled model in simulating monsoon mode resembles that of SAMIL, especially
over the subtropics. The main deficiency of FGOALS_sl1.1 is its failure in simulating the spring-fall asym-
metric mode. This is attributed to the false phase of sea surface temperature anomaly (SSTA) annual cycle
over the equatorial central-eastern Pacific and Indian Ocean, which leads to the bias of the Walker circula-
tion over the equatorial Pacific and the anti-Walker circulation over the Indian Ocean in boreal spring and
fall. In addition, the domains of the western North Pacific monsoon and Indian monsoon simulated by the
coupled model are smaller than the observation. The study suggests that the bias of the fully coupled ocean-
atmosphere model can only be partly attributed to the bias of the atmospheric component. The performance

of FGOALS_s1.1 in simulating the annual cycle of equatorial SST deserves further improvement.
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1. Introduction

The annual variation of the solar radiation in-
duces a significant reversal of temperature gradi-
ent between the Northern and Southern Hemisphere
and temperature contrast between land and adja-
cent oceans, which further drives the annual variation
Although the sun
crosses the equator twice a year, an annual harmonic

of the global general circulation.

is dominant in the equatorial atmosphere and ocean
(Wyrtki and Mayers, 1976; Horel, 1982; Hasternrath
and Lamb, 1978; Lau and Sheu, 1988; Gadgil and
Asha, 1992; Ferranti et al., 1997). Here we focus on
the tropical precipitation, which plays an important
role in driving the general circulation and hydrologi-

cal cycle, as well as in linking external radiative forcing
and the atmospheric circulation.

There are many studies about the annual varia-
tion of precipitation. The earliest studies mostly ex-
amined the annual cycle of global precipitation in the
concept of hemispheric mean (Jaeger, 1983; Peizoto
and Oort, 1983). Chen et al. (1995) studied the an-
nual variations of the global atmospheric hydrological
process, and found that it origins from the tropical-
subtropical region. Later, Zhou et al. (1999) found
that the subtropical oceans act as important moisture
sources in the water vapor transport and the fresh wa-
ter exchange between air and sea. The annual
variation of precipitation along storm tracks in

both hemispheres follows that of the convergence
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of transient water vapor flux (Chen et al., 2004).

The study about monsoon precipitation is the fo-
cus of climate research. Compared with other areas,
the variation of monsoon precipitation is significant
on many timescales (e.g., intraseasonal, interannual,
and interdecadal) (Fu and Zeng, 1997). The monsoon
rainfall accounts for 31% of the global precipitation
variance. Previous monsoon studies primarily focused
on one monsoon region or monsoon system and iden-
tified individual monsoon region through special def-
inition (Chase et al., 2003; Krispalani et al., 2003;
Jones et al., 2004; Schreck and Semazzi, 2004; Yu
and Zhou, 2007). However, we know that all regional
monsoons are coordinated by the annual cycle of so-
lar radiation and thus connected with each other. For
instance, there are some connections between south-
ern Asian and Australian monsoons (Meehl, 1987), be-
tween southern American and African monsoons (Bia-
sutti et al., 2003), between East Asian-western North
Pacific and North American monsoons (Wang et al.,
2001; Lau and Weng, 2002). Dai et al. (2002) found
an Indian-East-Asian (IEA) teleconnection pattern.

The close relationships among different monsoon
systems inspire us to examine the change of global
monsoon as a whole. The global monsoon system
should be seen as the persistent global-scale overturn-
ing of the atmosphere that varies with the time of year
(Trenberth et al., 2000). Wang and Ding (2008) ex-
tracted two major modes of annual variation using a
multi-variable EOF (MV-EOF) analysis of 12-mon cli-
matological precipitation and 850-hPa wind, which are
termed as monsoon mode and spring-fall asymmetric
mode. The two dominant modes can be seen as new
objective standards for gauging the performance of cli-
mate models in the simulation of the mean state and
annual cycle. Recently, Zhou et al. (2008a) revealed
the forcing role of the tropical sea surface temperature
(SST) on global monsoon rainfall through atmospheric
general circulation model driven by historical SST.

Climate system model is a useful tool for un-
derstanding climate variability and predicting climate
change. Recently, a fully coupled atmosphere-land-
sea-ice climate model FGOALS (flexible global ocean-
atmosphere-land system) is developed in the State Key
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Laboratory of Numerical Modeling for Atmospheric
Sciences and Geophysical Fluid Dynamics (LASG), In-
stitute of Atmospheric Physics (IAP). The FGOALS
has two versions, i.e., FGOALS_s and FGOALS_g,
which employ spectral atmospheric model (SAMIL)
and grid atmospheric model (GAMIL) as their atmo-
spheric component respectively. There are many eval-
uations about FGOALS_g (Zhou and Yu, 2006; Zhou
et al., 2008c; Dai, 2006). However, the analysis about
the simulation of FGOALS_s is quite few. Wang et
al. (2007) evaluated the performance of SAMIL and
FGOALS_s, and found that FGOALS_s improved
the performance of precipitation simulations in boreal
winter and summer. The annual cycle of precipita-
tion in the model is still unknown. This paper aims
to evaluate the performance of FGOALS_sl.1 (here-
after FGOALS_s) in simulating the annual cycle of
tropical precipitation, and to reveal the causes model

biases.
2. Models and methodology

2.1 Models and data

The model used in this study is FGOALS_s.
The atmosphere, ocean, land, and ice components
are coupled by NCAR CPL5. The atmosphere com-
ponent is SAMIL, which is a spectral AGCM de-
veloped in TAP/LASG (Bao et al., 2006). SAMIL
is rthomboidally truncated at zonal wave number 42,
roughly equivalent to a horizontal resolution of 2.81°
(longitude)x1.66° (latitude), and has 26 vertical lay-
ers with a top at 2.1941 hPa, named R421.26. The
ocean component is the LICOM, which is based on
the third generation of the LASG/IAP ocean general
circulation model L30T63 (Jin et al., 1999; Liu et
al., 2004). The LICOM has a horizontal resolution
of 1°x1° (longitudexlatitude) and 30 vertical layers.
The land and ice components are CLM2 (Vertenstein
et al., 2002) and CSIM4, respectively (Briegleb et al.,
2002). There is no correction in the heat and freshwa-
ter fluxes exchange at the interfaces among the atmo-
sphere, ocean, sea ice, and land during coupled inte-
grations. More details about FGOALS _s can be found
in Zhou et al. (2005a).
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A two hundred-year fully coupled run was per-
formed. Monthly data of the 191-200th model year are
analyzed in this study. In order to discuss the impacts
of ocean-atmosphere coupling and the model bias, the
output of SAMIL driven by the historical SST from
1980 to 1989 is also analyzed (Zhou et al., 2005b).
The following data are used as “observational” evi-
dence for evaluating the model: (1) monthly precip-
itation data of CPC merged analysis of precipitation
(CMAP) (Xie and Arkin, 1997); (2) monthly sea sur-
face temperature data of from GISST sea ice and SST)
for the period 1980-1989 (Rayner et al., 1996); and (3)
NCEP/NCAR reanalysis data (Kalnay et al., 1996).

2.2 Methodology

Through performing MV-EOF analysis on clima-
tological precipitation and wind at 850 hPa, Wang
and Ding (2008) (hereafter WD2008) found that the
first two leading modes bear characteristics of the an-
nual cycle, and account for 71% and 13% of the an-
nual variance, respectively. The first leading mode
(AC1) is monsoon mode, whose spatial pattern is
close to the June-September (JJAS) (Prjjas) minus
December-March (DJFM) (Prpjpa) precipitation pat-
tern, reflecting the impact of the antisymmetric so-
lar radiation forcing. The second mode (AC2) is the
spring-fall asymmetric mode. Its spatial pattern re-
sembles the April-May (AM) (Pray) minus October-
November (ON) (Pron) precipitation pattern. They

can be depicted as follows:

AC1 = Pryjas — Prpyrwm, (1)
AC2 = PI‘AM - PI‘ON. (2)

The solar radiation flux at the surface under clear
skies can be decomposed into a symmetric and an
antisymmetric component about the equator (Wang,
1994). The antisymmetric component is attributed to
the seasonal variation of solar declination angle. The
monsoon mode represents the antisymmetric compo-
nent. The spring-fall asymmetric mode represents the
asymmetry of rainfall between spring and fall. It is
an important feature of tropical circulation, especially
the asymmetric location of ITCZ in transitional sea-
son. Chang et al. (2005) attributed it to the asymmet-

ric wind-terrain interaction and low level divergence
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asymmetry, both of which are induced by land-ocean
interaction. However, the analysis mainly focused on
the Eastern Hemisphere. In terms of the global scale,
Webster et al. (1998) proposed that it is related to the
asymmetric strength of Walker circulation between bo-
real spring and fall.

Based on the annual modes, WD2008 proposed
a concept of global monsoon. The global mon-
soon domain can be delineated by a simple mon-
soon precipitation index (MPI), which is the local an-
nual range of precipitation (May-September (MJJAS)
minus November-March (NDJFM) in the Northern
Hemisphere, and NDJFM minus MJJAS in the South-
ern Hemisphere) normalized by the annual mean pre-
cipitation, i.e.,

In the Northern Hemisphere:

MPI = (Pryyjas — Prypsrm)/(annual mean).  (3)

While in the Southern Hemisphere:
MPI = (Prxpsrm — Prumisas)/(annual mean),  (4)

where Pryrjzas and Prypyram represent the total pre-
cipitation from March to September and November to
May, respectively. Annual mean denotes the annual
mean precipitation. The monsoon domains are the ar-
eas where annual range of precipitation exceeds 300
mm and MPT exceeds 0.5. It not only reflects the wet-
dry contrast, but also represents the ratio of seasonal
variation. Hence, it is a comprehensive index. The do-
mains are quite consistent with other two definitions
made by Wang and Lin (2002) and Wang and Ding
(2006).

3. Results
3.1 Annual mean precipitation

The geographical distributions of climatological
annual mean precipitation from observation and mod-
els are shown in Fig. 1. In the observation, major
precipitation belts are located over the intertropical
convergence zone (ITCZ), South Pacific convergence
zone (SPCZ), equatorial Africa, western North Pacific

Ocean, as well as North Africa and southern America
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adjacent to the ITCZ. The precipitation pattern ex-
hibits remarkable longitudinal and latitudinal asym-
metries (Annamalai et al., 1999).Major precipitation
belts are reproduced by the CGCM. However, biases
are also evident (Fig. 1d). The CGCM overestimates
precipitation over the equatorial North Pacific, South
China Sea, western Indian Ocean, and southeastern
part of South America. The excessive precipitation
in the equatorial northern Pacific is associated with
the northward shift of the ITCZ in FGOALS_s. The
underestimation of precipitation is seen over the mid-
latitude and Pacific warm pool regions. The bias over

East Asia is less than 0.5 mm day !

, indicating that
the model performs better over this region.

To reveal the origin of the coupled model biases,
we analyzed the annual mean precipitation simulated
by stand-alone atmospheric component, i.e., SAMIL
(Fig. 1lc). Over land regions, the biases of SAMIL
resemble that of FGOALS_s (Fig. le). In contrast,
over oceans, the differences of biases between SAMIL
and FGOALS_s are remarkable. For instance, the bi-
ases of SAMIL over the equatorial western Pacific and
the Bay of Bengal are opposite to that of FGOALS _s.

Therefore, the atmospheric component should not be
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the only origin of the biases of the coupled model.
The air-sea coupling process may also contribute to
the biases. The simulated SST biases are shown in
Fig. 1d. Previous analysis showed that the SST of the
coupled model is colder than the observation (Zhou
et al., 2005b). The colder SST is consistent with the
deficient rainfall bias (Fig. 1f).

In order to quantitatively assess the performance
of the models, the root-mean-square error (RMSE)
and pattern correlation coefficient (PCC) between the
observed and simulated seasonal mean precipitation
fields are calculated and shown in a Taylor diagram
(Fig. 2; Taylor, 2001). The RMSE of FGOALS_s
(1.69) is smaller than that of SAMIL (2.43) in JJA, but
larger (1.79) than that of SAMIL (1.34) in MAM. The
PCCs of FGOALS_s are lower than that of SAMIL
in MAM, while larger than that in DJF and SON. In
terms of PCC, there is no obvious improvement in the
boreal summer rainfall. The RMSE and PCC of an-
nual mean (AM) rainfall simulated by the two models
are comparable. The above results suggest that the
air-sea coupling improves the precipitation simulation
in boreal fall and summer, but impacts less in boreal

spring.

30° N (@)

™y
120°E 180

T

Fig. 1. Spatial patterns of long-term annual mean precipitation from (a) CMAP, (b) FGOALS_s, (c) SAMIL, and
mean bias defined as the difference of precipitation (shadings) or SST (contours) between FGOALS_s and CMAP, (e)
SAMIL and CMAP, and (f) FGOALS_s and SAMIL (unit of precipitation: mm day~'; unit of SST bias: °C).
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Fig. 2. Pattern statistics describing the seasonal pre-
cipitation of FGOALS_s and SAMIL compared with the
observation. The isoclines indicate pattern correlation co-

efficient (PCC) and root-mean-square error (RMSE).
3.2 Annual cycle modes

In terms of Eq. (1), the observed and simulated
monsoon modes are obtained (Fig. 3). FGOALS_s
reasonably reproduces the antisymmetric pattern, i.e.,
the positive precipitation anomalies in East Asia,
North America, and North Africa, and the negative
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precipitation anomalies in South Africa, Australia,
3a, b).
model deficiencies are also evident. Firstly, the posi-

tive pattern in the northwestern Pacific Ocean shifts

and South America (Figs. However, the

northward and the positive precipitation area in In-
dia is smaller than that in the observation. Secondly,
the simulated precipitation anomaly is weaker in the
Bay of Bengal, but stronger in Southeast China-Meiyu
band and midlatitude of North Pacific (Fig. 3e). The
precipitation anomalies over the South China Sea,
Philippine Sea, equatorial North Pacific, and East In-
dian Ocean are also underestimated. Negative biases
dominate the whole extratropical continent except for
North Africa. Note that the Southern Hemisphere
is dominated by negative biases, which intensifies the
monsoon mode. Therefore, the strength of the sum-
mer monsoon in the Southern Hemisphere is overesti-
mated. The biases over extra-equatorial areas of the
two models resemble each other. The major discrep-
ancies are salient over the equatorial southern Africa,
northwestern Australia, equatorial Pacific Ocean, and
central North America. This may be associated with
the simulated SST bias in FGOALS_s.

To investigate the model skill in simulating

the seasonal cycle of the monsoon mode, principal
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3. The leading mode of tropical precipitation from (a) CMAP, (b) FGOALS_s, and (¢) SAMIL. Principal

component time series (d) of the leading mode from CMAP, FGOALS_s, and SAMIL. The differences between the
leading modes of (¢) FGOALS_s and CMAP, (f) SAMIL and CMAP. The darkly shaded areas indicate positive values,

and lightly shaded negative values (unit: mm day~').
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component time series for the first mode is ob-
tained through applying empirical orthogonal function
(EOF) analysis on the climatological monthly mean
precipitation (Fig. 3d). In the observation, the PC1
reaches its maximum in boreal summer and minimum
in boreal winter. These characteristics of the tempo-
ral evolution are reasonably simulated by FGOALS_s
and SAMIL.

The second annual cycle mode, i.e., the spring-
fall asymmetric mode, is reproduced by FGOALS_s
and SAMIL (Figs. 4a-c), but with less fidelity com-
pared with the monsoon mode. The coupled model
reproduces the negative pattern in northern Pacific
and the positive pattern in the Indian Ocean and East
Asia. The spatial pattern in southern America and
Africa simulated by the CGCM is close to the obser-
vation. The major biases of FGOALS_s (Fig. 4e) are
listed as follows: firstly, the equatorial zone is domi-
nated by negative bias except the maritime continent,
while the extra-equatorial Pacific and Atlantic is cov-
ered by significant positive bias. The biases are asso-
ciated with the bias of SST annual cycle, which will
be discussed later. Secondly, the strength of spring-
fall asymmetry mode over the Northern Hemisphere
continent is underestimated, that is, the intensity of
the simulated spring-fall asymmetry over the north-
ern Pacific, Atlantic and Indian Ocean is weaker than

the observation. The positive mode over ITCZ and

. ) 4.
2. :
180 60 0
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eastern South Africa is well simulated by SAMIL, but
is absent in the coupled model. Therefore, the spring-
fall asymmetry is not significant over the equator in
FGOALS_s. In addition, the major discrepancies over
the extra-equatorial region in the two models are anal-
ogous (Figs. 4e, f).

Figure 4d shows the second principal component
(PC2) of the observation and models. In the obser-
vation, the PC2 reaches the maximum (minimum) in
October (April). In general, the seasonal variations
of the PC2 in the two models are close to that of the
observation, but with less fidelity compared with the
simulated PC1.

The RMSE and PCC are also calculated to mea-
sure the performance of models (Table 1). The RMSE
and PCC of AC1 are comparable to the annual mean
precipitation in FGOALS_s, but the skill of AC2 is
lower. The SAMIL is better than FGOALS_s in sim-
ulating the spring-fall asymmetry mode in terms of
RMSE and PCC. The reason for the deficiency of
FGOALS_s in simulating the spring-fall asymmetry

mode will be discussed in Section 4.
3.3 Monsoon domain

According to Egs. (3) and (4), the distributions
of precipitation annual range (shaded) and monsoon
domain (contours) are obtained and shown in Fig. 5.

The precipitation annual range is used to measure the

Fig. 4. As in Fig. 3, but for the second mode.
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Table 1. The pattern correlation coefficient (PCC)
and root-mean-square error (RMSE) between simu-
lated and observed annual cycle modes

PCC RMSE
ACIL FGOALS_s 0.65 2.07
SAMIL 0.75 2.58
AC2 FGOALS_s 0.35 1.72
SAMIL 0.58 1.68

monsoon intensity. The FGOALS_s (Fig. 5b) realis-
tically reproduces major monsoon domains (Fig. 5a),
including the Asian-Australian monsoon, North and
South African monsoon, and North and South Ameri-
can monsoon. The Asian monsoon and western North
Pacific monsoon domains of FGOALS_s are smaller
than those in the observation, while the South African
monsoon and Australian monsoon domains are larger.
In addition, the simulated western North Pacific mon-
soon shifts northward. In SAMIL, the simulated North
African and Australian monsoon domains are smaller
and all the regional monsoon intensities are stronger
than those in the observation. FGOALS_s shows a
clear improvement relative to SAMIL in simulating
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the strength and domain of the South Indian, South-
west Pacific Ocean, and North American monsoons,
implying the important role of air-sea coupling in the
However, the CGCM also ex-
hibits apparent biases. For instance, the Asian mon-

monsoon simulation.

soon and western North Pacific monsoon domains are
smaller than the observation, and the South African
monsoon and Australian monsoon domains are con-
nected together.

3.4 Annual cycle of each regional monsoon

Following Zhou et al. (2008b), the global mon-
soon is divided into eight regional monsoons, including
East Asian monsoon (20°-45°N, 105°~160°E), Indian
monsoon (5°-30°N, 60°-105°E), western North Pacific
monsoon (5°-20°N, 105°-160°E), Australian mon-
soon (20°-5°S, 105°-160°E), North American mon-
soon (0°-45°N, 120°-60°W), South American mon-
soon (30°S-0°, 120°-60°W), North African monsoon
(0°-25°N, 60°W-60°E), and South African monsoon
(30°S-0°, 60°W—60°E). The climatological monthly

T
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0 30 60 90

L
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Fig. 5. Observed and simulated annual ranges of precipitation from (a) CMAP, (b) FGOALS_s, and (c) SAMIL. Bold

lines indicate the global monsoon domain.



196 ACTA METEOROLOGICA SINICA VOL.24

12 ¢ 12 ¢
o ks o
£ - S-s E
B . %, ——CMAP 8 F
4 4 F
P T S T R R R S B e
Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov
12 12

T
J7

=}
=)

TTT T T[T T TI]T™

= >
[ <
kS o
g g
E E
= =
=} ]
= =
< <
R~ =
3 3,
= =
Q Q
(o) O
— —~
o9 a0
= >
[ <
kS o
g g
E E
g 5
5 4 b=
< <
= = ——
2 T
5 g
s 0 )
— —
A A
5 12 =
< 3>
< <
g g
g° g
g 5
E=I E=
< o]
= 5
= a
E o
. Jan Mar May Jul Sep Nov o
—>, 12 ¢ _>,
S £(@) R [
o L yis el
N .
C AN 7

é 8 B s é
g F g
S 4 ¢ =
< - <
= - S =
a N a
o o
Q C Q
20 =t
A Jan Mar May Jul Sep Nov o

Fig. 6. Time series of climatological monthly mean precipitation (mm day~') averaged over domains of (a) East
Asian monsoon, (b) Indian monsoon, (c) western North Pacific monsoon, (d) Australian monsoon, (e) North American
monsoon, (f) South American monsoon, (g) South African monsoon, and (h) North African monsoon.

area-averaged precipitation in each regional monsoon  to the observation. The correlation coefficients be-
is shown in Fig. 6. tween the observation and simulations are shown in

The two models reasonably reproduce the clima-  Table 2. SAMIL is well correlated with the observation
tological annual variation of each regional monsoon  than FGOALS_s for almost all regional monsoons, ex-
(Fig. 6). The intensities of summer precipitation cept the Indian monsoon. Therefore, although simu-
of all regional monsoons in FGOALS_s are weaker lations of the monsoon domain coverage exhibit some-
than in SAMIL, except North African monsoon. Com-  what improvement in the CGCM, its performance in
pared with SAMIL, the rainfall intensities of the East  simulating the climatological monthly area-averaged
Asian monsoon, North American monsoon, and North  rainfall of each regional monsoon is instead worse
African monsoon simulated by FGOALS_s are closer  than that in the SAMIL.

Table 2. The correlation coefficient between simulated and observed precipitation annual cycles in different mon-
soon domains

East Asia India Western North Pacific Australia North America South America South Africa North Africa

FGOALS_s 0.96 0.93 0.83 0.90 0.98 0.92 0.96 0.99
SAMIL 0.97 0.97 0.93 0.98 0.98 0.99 0.99 0.93
4. Discussion asymmetry mode in FGOALS_s shows less fidelity

than that in SAMIL. The existence of the spring-fall

As demonstrated in Section 3.2, the spring-fall —asymmetry mode is caused by the different strengths
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of Walker circulation in boreal spring and fall (Web-
ster et al., 1998).

The longitude-height diagrams of vertical velocity
for the equatorial belt (averaged over 5°S-5°N) in bo-
real spring and fall are shown in Fig. 7. In the observa-
tion, both the ascending motions over the Pacific warm
pool and eastern Atlantic Ocean and the descending
motions over the western Indian Ocean and Pacific
cold tongue region are weaker in spring (Fig. 7a) than
in fall (Fig. 7d), indicating that the Walker circulation
is stronger in boreal fall than in boreal spring.

Many previous studies indicated that Walker cir-
culation is driven by the zonal SST gradients (Wang,
1994; Li and Philander, 1996). Since the SST in the
equatorial Central Pacific is warmer in boreal spring
than in fall, the zonal SST gradient across the equato-
rial Pacific Ocean is stronger in fall than in spring. The
stronger SST gradient drives stronger local Walker cir-
culation in fall. As a result, the spring-fall asymmetry
mode forms.

FGOALS_s well reproduces the locations of as-
cending/descending motions (Figs. 7b, e). However,
the biases in intensity reduce the simulation skill of
the spring-fall asymmetric mode. Compared with the
observation, FGOALS_s (Fig.

ascending motion over the warm pool (120°E), and

7b) shows stronger

stronger subsidence over the western Indian Ocean
(60°E) and eastern Pacific Ocean (180°-120°W) in
boreal spring, indicating that Walker circulation in
FGOALS_s is stronger than in the observation. In bo-
real fall, although the intensities of ascending motion
over the Pacific warm pool and the subsidence over the
eastern Pacific Ocean are comparable to the observa-
tion, the subsidence over the western Indian Ocean
is much weaker than the observation. Therefore,
the Walker circulation in the FGOALS_s is weaker
than the observation in fall. The combination of the
stronger Walker circulation in spring and the weaker
one in fall leads to a weaker spring-fall asymmetric
mode over equatorial band and further results in the
poor performance of FGOALS_s in the simulation of
the second mode. Although there are some biases in
the vertical motion, the performance of SAMIL is gen-
erally better than the FGOALS_s, especially in boreal
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spring. This is associated with the true lower bound-
ary forcing in the AMIP run.

To further investigate the relationship between
the AC2 and the underlying SST, spatial distributions
of correlations between the observed and simulated
PC2 and the climatological monthly mean SST are
shown in Fig. 8. In the observation (Fig. 8a), sig-
nificant positive correlation coefficients are seen over
the Indian Ocean, South Pacific, South Atlantic, and
equatorial eastern Pacific, while negative correlation
coefficients are seen in the Pacific and Atlantic Ocean
in the Northern Hemisphere. Antisymmetry about the
equator exists in the Pacific and Atlantic Ocean. The
FGOALS_s reasonably reproduces the antisymmetry
over the Pacific and Atlantic Ocean (Fig. 8b). How-
ever, the simulated correlation coefficient is opposite
to the observation in the northern Indian Ocean and
maritime continent. In addition, the FGOALS _s has
an unrealistic positive center over the eastern equato-
rial Pacific. The spatial patterns of SAMIL resemble
those of the observation (Fig. 8c). Since the PC2
of FGOALS_s resembles the observation (Fig. 4d),
the poor performance of FGOALS_s in simulating the
spring-fall asymmetric mode is primarily caused by the
bias of the SST annual cycle.

To support this hypothesis, we check the annual
cycle of equatorial SST anomalies (SSTA), which are
the departures of climatologically monthly mean from
the long-term mean for the equatorial belt (average
of 5°S-5°N) (Fig. 9). In the observation, the SSTA
over the equatorial eastern Pacific, Atlantic and In-
dian Ocean undergoes an obvious annual cycle with
the cold phase peaking in July-September and the
warm phase in March and April (Wyrtki, 1965; Has-
tenrath and Heller, 1977; Merle et al., 1980; Picaut,
1983). A semi-annual cycle dominates the western
Pacific. The FGOALS_s (Fig. 9b) reproduces the
warm phase in March-May and the cold phase in June-
September over the western Pacific Ocean, but it fails
to capture the semi-annual cycle over the western Pa-
cific, and it has an opposite annual cycle in the In-
dian Ocean, eastern equatorial Pacific, and Atlantic,
where the FGOALS_s produces the warmest SSTA
in September-October and the coldest in February-
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Fig. 7. Longitude-height diagrams of vertical velocity (Pa s™') for the equatorial belt (averaged from 5°S to 5°N) in
boreal spring (April and May; left panels) and fall (October and November; right panels). (a, b), (¢, d), and (e, f) are
from observation, FGOAL_s, and SAMIL, respectively.
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March. cific is warmer in boreal spring and colder in boreal
Compared with the Pacific cold tongue region, fall. Hence, the simulated Walker circulation across
the simulated SSTA over the eastern equatorial Pa-  the Pacific Ocean is enhanced in boreal spring but
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Fig. 8. Spatial distributions of correlation coefficients between PC2 and SST in (a) observation, (b) FGOALS_s, and
(¢) SAMIL. The darkly shaded areas denote positive values, while the lightly shaded negative values.
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Fig. 9. Longitude-time diagrams of SST anomalies (°C; the departures of climatologically monthly mean from the
long-term annual mean) for the equatorial belt (averaged form 5°S to 5°N) from (a) observation and (b) FGOALS_s.
The darkly shaded areas denote positive values, while the lightly shaded negative values.
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suppressed in fall, which weakens the spring-fall asym-
metry. In the equatorial Indian Ocean, as a result of
the simulated opposite phase of SSTA in spring and
fall, the simulated Indian anti-Walker circulation is
much stronger in boreal spring than in boreal fall,
which also results in the stronger (weaker) ascent mo-
tion in boreal spring (fall) (Figs. 7b, e). Therefore, the
deficiency of FGOALS_s in simulating the spring-fall
asymmetry mode is associated with its poor perfor-

mance in simulating the annual cycle of SST.
5. Conclusions

This
LASG/IAP model
FGOALS_s in simulating the annual modes of the

tropical precipitation. A comparison between the fully

evaluates the performance of

paper

coupled general circulation

coupled and stand-alone AGCM simulations is used
to discuss the impact of air-sea coupling processes on
the simulation of annual cycle. Major results are sum-
marized as follows:

(1) Previous studies indicated that the dominant
modes of the annual variation of tropical precipitation
are the monsoon mode and the spring-fall asymmetric
mode (Wang and Ding, 2008). FGOALS_s reason-
ably simulates the primary features of the monsoon
mode, such as the antisymmetry about the equator.
However, the amplitude of the simulated monsoon
mode is stronger than the observation in the Southern
Hemisphere.

The CGCM shows a poor performance in sim-
ulating the spring-fall asymmetric mode. It may be
associated with its deficiency in simulating the an-
nual cycle of equatorial SST. In the observation, the
spring-fall asymmetric mode is caused by the weaker
amplitude of the Walker circulation in boreal spring
relative to that in fall. The Walker circulation is
forced by the gradients of zonal SST. Since the sim-
ulated SST annual cycles in boreal spring and fall
over the equatorial Pacific Ocean and Indian Ocean
are opposite to the observation, the simulated Walker
circulation is stronger in boreal spring but weaker in
boreal fall. The reduced difference of Walker circula-
tion between spring and fall causes the poor simulation

of the spring-fall asymmetric mode.

VOL.24

(2) The FGOALS_s realistically simulates the
major monsoon domains including those of the Asian-
Australian monsoon, North and South African mon-
soon, North and South American monsoon, etc. The
annual cycle and strength of monsoon precipitation in
these regions are close to the observation. The primary
biases appear in the East Asian and western North
Pacific monsoon regions. The simulated monsoon ar-
eas are significantly smaller than the observation. In
addition, the intensity of the East Asian monsoon is
weaker than the observation, and the phase evolution
of the western North Pacific monsoon is not consistent
with the observation.

(3) A comparison of the stand-alone AGCM run
with the fully coupled run is carried out to explore
the influence of air-sea coupling. The SAMIL tends to
simulate heavier precipitation than the observation.
The bias is reduced in the coupled run. The monsoon
domains of the coupled model is closer to the ob-
servation than the SAMIL. Compared with SAMIL,
FGOALS_s improves the simulation of North African,
Australian monsoon domains and the annual cycle of
North African monsoon. The main deficiencies of the
coupled run include the bias in climatological mean
precipitation in boreal spring and winter, spring-fall
asymmetry mode, and the area size of the western
North Pacific monsoon domain. The annual cycle of
precipitation in all monsoon regions in the coupled run
is worse than the stand-alone AGCM run, except for
the North African monsoon. Therefore, the deficiency
of FGOALS_s in the monsoon simulation arises not
only from its atmosphere component, but also from
the SST biases, especially the tropical SST biases.
How to improve the performance of FGOALS_s in
the simulation of SST annual cycle deserves a further

study.
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