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ABSTRACT

The simulation characteristics of the seasonal evolution of subtropical anticyclones in the Northern
Hemisphere are documented for the Flexible Global Ocean-Atmosphere-Land System model, Spectral Version
2 (FGOALS-s2), developed at the State Key Laboratory of Numerical Modeling for Atmospheric Sciences
and Geophysical Fluid Dynamics, the Institute of Atmospheric Physics. An understanding of the seasonal
evolution of the subtropical anticyclones is also addressed. Compared with the global analysis established by
the European Centre for Medium-Range Forecasts, the ERA-40 global reanalysis data, the general features
of subtropical anticyclones and their evolution are simulated well in both winter and summer, while in
spring a pronounced bias in the generation of the South Asia Anticyclone(SAA) exists. Its main deviation
in geopotential height from the reanalysis is consistent with the bias of temperature in the troposphere. It
is found that condensation heating (CO) plays a dominant role in the seasonal development of the SAA
and the subtropical anticyclone over the western Pacific (SAWP) in the middle troposphere. The CO biases
in the model account for the biases in the establishment of the SAA in spring and the weaker strength
of the SAA and the SAWP from spring to summer. CO is persistently overestimated in the central-east
tropical Pacific from winter to summer, while it is underestimated over the area from the South China Sea
to the western Pacific from spring to summer. Such biases generate an illusive anticyclonic gyre in the upper
troposphere above the middle Pacific and delay the generation of the SAA over South Asia in April. In mid-
summer, the simulated SAA is located farther north than in the ERA-40 data owing to excessively strong
surface sensible heating (SE) to the north of the Tibetan Plateau. Whereas, the two surface subtropical
anticyclones in the eastern oceans during spring to summer are controlled mainly by the surface SE over the
two continents in the Northern Hemisphere, which are simulated reasonably well, albeit with their centers
shifted westwards owing to the weaker longwave radiation cooling in the simulation associated with much
weaker local stratiform cloud. Further improvements in the related parameterization of physical processes
are therefore identified.
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1. Introduction

A subtropical anticyclone (SA) connects westerlies
to its north and easterlies to its south. The seasonal
development of the South Asian Anticyclone (SAA)

in the upper troposphere and Subtropical Anticyclone
over the Western Pacific (SAWP) in the middle tropo-
sphere are closely related to the seasonal variation of
moisture transport and East Asian monsoon rainfall
(Wu et al., 2002), making SA simulation an important
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part of any climate model.
In winter, westerlies dominate in the mid-latitudes

and subtropics in the free troposphere and mountain
forcing plays an important role in the formation of
the circulation patterns in these areas (Charney and
Eliassen, 1949; Yeh, 1950; Rodwell and Hoskins, 2001).
Conversely, in subtropical summers, the westerlies are
weak and thermal forcing becomes more important
in influencing the circulation pattern (Hoskins, 1987).
The diabatic heating has three components: radiative
heating, condensation heating, and the sensible heat-
ing (SE) in the boundary layer (Newell et al., 1970).
Wu et al. (2003) and Liu et al. (2004b, 2007) inves-
tigated the relative effectiveness of different compo-
nents of diabatic heating and their synthetic effects
on the formation of summertime subtropical anticy-
clones (Wu et al., 2009). They showed that in sub-
tropical summers over each continent and its adjacent
oceans from west to east, longwave radiative cooling
(LO), land surface sensible heating (SE), condensa-
tion heating (CO), and double-dominant heating (D;
includes CO and LO) compose such a LOSECOD heat-
ing quadruplet. A specific zonal asymmetric circula-
tion pattern is then formed in response to the quadru-
plet heating. However, what dominates SA develop-
ment during the seasonal transition from winter to
summer remains unknown.

The Flexible Global Ocean-Atmosphere-Land Sys-
tem model, Spectral Version 2 (FGOALS-s2) is a cli-
mate model consisting of atmosphere, land, ocean, and
sea ice components linked through a coupler that ex-
changes state information and fluxes among the com-
ponents. FGOALS is developed at the State Key Lab-
oratory of Numerical Modeling for Atmospheric Sci-
ences and Geophysical Fluid Dynamics, the Institute
of Atmospheric Physics (LASG/IAP). FGOALS and
its atmosphere component SAMIL (Spectral Atmo-
spheric General Circulation Model of the LASG/IAP)
have been used to study the East Asian Summer Mon-
soon (Wang et al., 2007, 2012), the formation of SAs
in summertime (Liu et al., 2001, 2004b), and the im-
pacts of the Tibetan Plateau(TP) (Wu et al., 2007;
Duan et al., 2008; Yu et al., 2011). An overview paper
by Bao et al. (2013) describes some of the most im-
portant developments and improvements in the model
components of the most recent version FGOALS.

In the study reported in the present paper, simu-
lation of the seasonal evolution of an SA from winter
to summer was examined in detail. Rather than mak-
ing comparisons with earlier versions of the model, we
focused on comparing with reanalysis data and doc-
umenting the deviation and associated physical pro-
cesses to further understand the mechanism underly-
ing SA seasonal development, with the ultimate aim

to help improve the next generation of climate model.
The remainder of the paper is organized as follows.

In section 2 we describe the data, FGOALS-s2, and
the experimental design used for the study. Section 3
presents the SA simulation results, comparing them to
observations in reanalysis data. Section 4 focuses on
the mechanisms responsible for the main biases of the
model in simulating the seasonal evolution of the SA.
And finally, a discussion and conclusion are presented
in section 5.

2. Model and data

FGOALS-s2 contains a spectral atmospheric model
truncated at R42 [approximately 1.66◦ (lat) ×2.81◦

(lon)], namely SAMIL2, and is coupled to land and
sea ice components as well as a 1◦-resolution (with
0.5◦ meridional resolution in the tropics) ocean model
(LICOM) (Liu et al., 2004a, 2012). Grid points in
the atmospheric model have 26 levels in the vertical
direction. The ocean component is the second ver-
sion of LICOM (LICOM2) with 30 levels in the ver-
tical direction, which is also developed at the LASG.
The land and sea ice components are the Community
Land Model version 3 (CLM3) and Community Sea-
Ice Model Version 4 (CSIM4) respectively, from the
third version of the Community Climate System Model
(CCSM3) (Collins et al., 2006). No flux adjustments
are used. Experimental results employed for this study
include the three ensembles of the 20th century simu-
lations with a combination of anthropogenic and nat-
ural forcing, which is a branch from a multi-century
pre-industrial control run from 1850–2005 (Bao et al.,
2012).

For validating the simulation of SA seasonal vari-
ation, two atmospheric reanalysis datasets were used:
the global analysis established by the European Cen-
tre for Medium-Range Forecasts (ECMWF) (ERA-
40; Uppala et al., 2005) and the Japanese reanaly-
sis project (JRA-25; Onogi et al., 2007). The resolu-
tion of the total column diabatic heating of ERA-40 is
1.125◦×1.125◦ and its circulation is 2.5◦×2.5◦ for the
period 1958–2002. The horizontal resolution of JRA-
25’s geopotential height (GPH) is 1.25◦×1.25◦ for the
period 1979–2002.

3. Seasonal evolution of the SA

In boreal summer, the atmospheric circulation over
Asia is characterized by the existence of two persistent
SA systems. One is the pronounced SAA in the up-
per troposphere, just above the region to the north of
the Bay of Bengal (BOB) (Fig. 1); and the other, the
SAWP in the middle troposphere. In winter, mean-
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Fig. 1. Monthly mean GPH (units: dgpm) at 200 hPa and total diabatic heating (units: W m−2) from ERA-40
(left) and FGOALS-s2 (right). January to July is represented from top to bottom. The thick contours show the
GPH of 1245 and 1248 dgpm, respectively.

while, there exist only long waves over the Eurasian
continent, and the closed anticyclone circulation is lo-
cated over the western Pacific in the mid-upper tropo-
sphere. The SAWP (Fig. 4) as well as the SA near the
surface exist in all seasons and their seasonal evolu-
tions exhibit movements in location and variations in
strength. However, unlike the SAWP, the SAA does
not exist in winter. As indicated by Liu et al. (2009)
and the following examination, the SAA is established
over the Indochina Peninsula during spring.

3.1 SAA

Figure 1 shows climatological seasonal evolution of
GPH and total diabatic heating from winter to sum-
mer, i.e. from January to July in both ERA-40 and

FGOALS-s2. The ERA-40 reanalysis shows that the
East Asian Trough (EAT) is situated over the mid and
high latitudes of the Asian coast and an enclosed an-
ticyclone is stably located over the tropical western
Pacific during the winter and early spring (March).
The anticyclone is located between a strong cooling
in the subtropical western Pacific and a warming of
the ITCZ in the south. In April, the anticyclone is
weakened, while the diabatic heating is enhanced over
the Asian continent, especially over South China and
the Indochina Peninsula. Thus, high pressure develops
over the South China Sea (SCS) and can be named
as the SAA. In May, the SAA center is over the In-
dochina Peninsula. It develops further in June and
jumps to the south of the TP and South Asia. The
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SAA summer pattern from ERA-40 looks similar to
that from the National Centers for Environmental Pre-
diction (NCEP) reanalysis data (Li, 2001; Wu et al.,
2002). During July and August (data not shown) the
SAA is even stronger above the TP, in fact achiev-
ing its maximum strength. Correspondingly, to the
east of the SAA the tropical upper-tropospheric trough
(TUTT) is strongest during July and August.

FGOALS-s2 is able to simulate the characteristics
of the winter EAT and the enclosed anticyclone over
the western Pacific very well, except the magnitude
of the GPH is weaker (right panels in Fig. 1) than in
ERA-40 (left panels of Fig. 1) and the geopotential
high center over the western Pacific is shifted about
5◦ northward. The location deviation is acceptable,
as we can identify a 5◦ zonal difference in the loca-
tion between ERA-40 and JRA-25 during January–
March (Fig. 2). The magnitude of the GPH value is
still smaller during later spring and summer, indicat-
ing that the strength of the modeled SAA is weaker
than ERA-40 during and after it is generated.

The largest deviation of the GPH appears in April
and May. Although a high ridge extends westward to
the southern SCS, the GPH is strengthened more near
to the dateline (right panels of Fig. 1) rather than over
the SCS as in ERA-40 (left panels of Fig. 1), corre-
sponding to the overestimated diabatic heating near
the date line. We will see later that the total heating
deviation is mainly from condensation heating (Figs. 1
and 4). Thus, the simulated SAA is very weak in
April. The strength of the simulated SAA becomes
better in May, but a high level of deviation still ex-
ists over the dateline compared to ERA-40. The GPH
remains higher in the central equatorial Pacific, such
that the FGOALS-s2 TUTT is weaker than that in the
observation in summer. Comparing the simulated to-
tal diabatic heating (shading in right panels of Fig. 1)

to ERA-40 (left panels of Fig. 1), the total heating
associated with the LO over the Eastern Pacific is un-
derestimated by 10–50 W m−2, which induces anticy-
clonic deviation and also contributes to the weakening
of the TUTT in the upper troposphere and the west-
ward shifting of the subtropical anticyclone center near
the surface, as shown in Fig. 6.

The SAA in FGOALS-s2 shifts northwestward dur-
ing June and its center is located towards the south-
western TP, reflecting well the ERA-40 observation,
albeit showing less strength. In July, FGOALS-s2 sim-
ulates the SAA very well. However, by comparing
the right and left panels in Fig. 1 in detail, it can be
seen that the simulated enclosed SAA expands farther
northeastwards than in ERA-40 in July.

To clearly show the seasonal development of the
SAA’s location, Fig. 2 presents the evolution of the lo-
cation of the SAA center from ERA-40 and FGOALS-
s2, as well as from JRA-25 reanalysis, by using data
with a common period of coverage (1979–2002). For
convenience, here we temporarily use “SAA” to indi-
cate the anticyclone over the western Pacific before
the SAA is established in April. It shows that from
January to March the anticyclone center (maximum
GPH) is around 150◦–160◦E, and the differences be-
tween ERA-40 and JRA-25 are less than 10◦, except
in April. In April, the SAA center is at 110◦E in ERA-
40, but 150◦E in JRA-25 –a 40◦ eastward shift. The
simulated maximum GPH is located even farther east-
wards, at around 165◦W. In May, the center of the
SAA in the two reanalyses and the simulation is above
the Indochina Peninsula. The SAA moves farther to-
wards the TP and stabilizes at (30◦N, 80◦E) during
mid-summer (July and August). Corresponding to the
northeastward tilt of the modeled SAA (right panels
of Fig. 1), the location of the simulated SAA center is
shifted to the northeast of its counterpart in the ERA-

Fig. 2. Seasonal evolution from January to July of the center of the
tropical GPH over the western Pacific/SAA produced from ERA-40
(blue), JRA-25 (green) and FGOALS-s2 (red). The center location is
the position of the maximum GPH over different domains in differ-
ent months, i.e. (0◦–40◦N, 110◦E–150◦W) for December–April; (0◦–
40◦N, 70◦–150◦E) for May, October and November; and (0◦–40◦N,
30◦–140◦E) for June–September.
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ERA-40 FGOALS-s2 minus ERA- 40

Fig. 3. Mean zonal deviation of GPH (shaded; units: gpm) and wind (vector; units: m s−1) at 200 hPa from
ERA-40 (left) and their differences between FGOALS-s2 and ERA-40 (right). January and April to July are
represented from top to bottom. Black lines and wind vectors on the right panels mean that differences are
statistically significant at the 99% level according to the Student’s t−test.

40 reanalysis.
Zonal deviation of GPH is usually used to present

the stationary wave, and the pattern for 200 hPa in
ERA-40 is given in the left panels of Fig. 3. To quanti-
tatively show the biases of the FGOALS-s2 simulation
to ERA-40, the zonal deviation differences of GPH be-
tween the two datasets is given in the right panels of
Fig. 3. Since the pattern is stable in winter and early
spring (Fig. 1), February and March are omitted in
Fig. 3.

There are distinct differences in the stationary
wave pattern between winter and summer in the obser-
vation (left panels of Fig. 3). An anticyclone is located
over the western tropical Pacific in winter and over
the Eurasian continent in summer. A cyclone associ-
ated with the TUTT is located to the east of the an-
ticyclone and always over the eastern Pacific, though
moving northwestward in summer. In April, an anti-
cyclone with higher GPH is established over the area
from the TP to South Asia and the western Pacific,
and the TUTT extends westwards to the west of the
date line. In June and July the SAA is stable, cov-

ering an area from continental subtropical Eurasia to
the western Pacific. Compared to the GPH pattern in
which the SAA center is located to the south of 30◦N
in July (left panels of Fig. 1), the anticyclone center
produced by the zonal derivation wind and GPH is
located farther northwards (left panels of Fig. 3).

In winter, the obvious bias is from India to the
mid-high latitudes over the coast Asia (right panels
of Fig. 3), presenting a Rossby wave emanating from
India and propagating to the east of Japan via the
TP and east China. The positive GPH difference and
anticyclone to the east of Japan indicate that the sim-
ulated EAT is weaker. There is always an anticyclone
bias over the tropical eastern Pacific. It shifts west-
wards from winter to summer with the maximum in
April and the minimum in July. In April, above the
SCS where the observed SAA center is located, the
GPH is underestimated such that the SAA is much
weaker in the simulation than the observation during
its generation stage. In summer (June and July), the
negative bias exists over South Asia and the positive to
the north of the TP, indicating an underestimation of
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Fig. 4. Mean GPH (units: dgpm) at 500 hPa and CO (units: W m−2) from ERA-40 (left) and FGOALS-s2
(right). January to July is represented from top to bottom. The thick contours show the GPH of 587 and 588
dgpm, respectively.

the SAA strength in the simulation, but an overestima-
tion of the GPH to the north of the SAA. The persis-
tent anticyclone bias over the tropical central/eastern
Pacific in summer implies an underestimated TUTT
in the simulation.

3.2 SAWP in the middle troposphere

For validating the SAWP simulation we use the
GPH at 500 hPa, and Fig. 4 shows the ERA-40 obser-
vation (left panels) and FGOALS-s2 simulation (right
panels). Both sets of data demonstrate that the main
body of the SAWP is located over the western Pa-
cific in all seasons. The main characteristics of the
seasonal variation of the SAWP are the northward
movement and strengthening from winter to summer,

especially from spring to summer. Compared to its
previous version (data not shown; refer to Wu et al.,
2003), FGOALS-s2 has improved its simulation of the
SAWP both in terms of pattern and intensity. The belt
pattern of subtropical high-pressure in winter, an in-
serted trough over the middle Pacific in spring (March
and April) along the subtropics, and the enhanced and
northwestward shift of the anticyclone over the west-
ern Pacificfrom spring to summer in the simulation,
also emulate those features in the ERA-40 very well
(Fig. 4).

However, some biases still exist. The differences in
the zonal deviation between FGOALS-s2 and ERA-
40 at 500 hPa (left panels of Fig. 5) and 200 hPa
(right panels of Fig. 3) show that in the mid-high lati-
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Fig. 5. Differences of zonal deviation of GPH (shaded; units: gpm) and wind (vector; units m s−1) between
FGOALS-s2 and ERA-40 at 500 hPa (left) and 1000 hPa (right). January and April to July are represented from
top to bottom. Black curves and wind vectors denote the differences are statistically significant at the 99% level
according to the Student’s t-test.

tudes the bias presents an equivalent barotropic struc-
ture in wintertime. Moreover, in winter the SAWP in
FGOALS-s2 is located about 4◦ north of its ERA-40
counterpart (Fig. 4). Such bias can also be detected
in the SAA’s simulation at 200 hPa (Fig. 1). But
these biases are weaker in their zonal deviation pat-
tern (upper-left panels of Fig. 5), which implies the
zonal pressure gradient is well simulated. The nega-
tive biases during spring to summer shown in the left
panels of Fig. 5 indicate that the strength of the SAWP
is underestimated. The GPH in Fig. 4 also shows that
the SAWP is 10–20gpm less in the simulation than in
ERA-40 over the western Pacific. From May, a trough
is generated over the BOB and obtains its maximum
in mid-summer (left panels of Fig. 4). This trough
in FGOALS-s2 is also weaker than in ERA-40, corre-
sponding to the weaker SAWP (left panels of Fig. 5).

3.3 SA over the eastern Pacific and Atlantic

Besides the SAA and the SAWP, the SA over the
eastern Pacific (SAEP) and eastern Atlantic (SAEA)

dominate the circulation near the surface. The SAEP
and SAEA are much weaker in winter, but strongest
in summer in ERA-40 (left panels of Fig. 6), again
similar to those from NCEP reanalysis data (Liu et
al., 1999; Li, 2001). From winter to summer, the
main body of the SAEP and the SAEA extends west-
wards. FGOALS-s2 captures such a seasonal develop-
ment very well (right panels of Fig. 6).

There are two main biases in the surface SA simula-
tion. One is that the simulation of the zonal pressure
is too symmetric in winter over the subtropical Pa-
cific. In winter, the Aleutian Low is located at middle
and high latitudes over the northern Pacific. It ex-
tends southwestwards and low pressure dominates the
western Pacific, leading to the SAEP being weak and
located only over a small domain in the eastern Pacific
over the subtropics during winter and early spring (left
panels of Fig. 6). However, FGOALS-s2 generates a
rather zonal symmetric high over the subtropical ocean
during this period (right panels of Fig. 6). The other
bias is the strength and location of the two surface an-
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Fig. 6. Mean GPH (units: dgpm) at 1000 hPa and surface SE (units: W m−2) from ERA-40 (left) and FGOALS-
s2 (right). January to July is represented from top to bottom. The thick contours denote the GPH of 15 and 20
dgpm, respectively.

ticyclones. The SAEP and SAEA are stronger in the
simulation than in the observation in both the spring
and summer, and their centers are shifted westwards
compared to ERA-40.

These biases can also be clearly detected in the dif-
ferences of the zonal GPH deviations between the sim-
ulation and reanalysis (right panels of Fig. 5). Over the
subtropics, GPH simulation is overestimated over the
western but underestimated over the eastern subtrop-
ical Pacific in wintertime. In summer (June and July
in the right panels of Fig. 5), the SAEP and SAEA
simulations are overestimated. Accordingly, simula-
tion of the lows over the Eurasian and North America
continents are overestimated too, as presented by the
negative difference in the right panels of Fig. 5.

4. Mechanism of SA seasonal development
and the main biases in SA simulation by
FGOALS-s2

4.1 SAs in the middle and upper troposphere

Charney and Shukla (1981) observed that tropi-
cal weather systems are determined by circulations be-
tween long-term heat sources and sinks. Saha (2010)
proposed that tropical circulation systems are basi-
cally forced by boundary layer heat sources and sinks,
on different time and spatial scales. To investigate
the impacts of thermodynamics on the simulation of
SA seasonal development, the differences of 200-hPa
GPH and mean temperature from the surface to 200
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Fig. 7. Differences between FGOALS-s2 and ERA-40 in zonal deviation of GPH at 200 hPa
(contours; units: gpm) and temperature vertically integrated from 1000 hPa to 200 hPa
(shaded; units: K). January and April to July are represented from top to bottom. Shading
of greater than 1 or less than −1 are the areas where temperature differences are statistically
significant at the 99% level according to the Student’s t-test.

hPa between the simulation and reanalysis were diag-
nosed.

As demonstrated in Fig. 7, almost all the major
200-hPa GPH biases correspond to significant temper-
ature differences. In January, a warm bias is located
over the northwestern Pacific, producing a positive
GPH deviation there and a weaker EAT in FGOALS-
s2. Over large mountains, the TP and Rocky Moun-
tains, there are cold biases corresponding to the lower
GPH deviation in the troposphere (January in Fig. 7).
Although the positive GPH difference is not appar-
ent in the tropics, the wind difference shows (January
in right panels of Fig. 3) that there exists an anticy-
clone over India, meaning the GPH and wind differ-
ences over East Asia are presented as a Rossby wave
train emanating from India to the northwestern Pa-
cific.

This wave train could be triggered by the dia-
batic heating difference between the simulation and
reanalysis. By comparing the differences between to-
tal heating (Q) and CO heating, it is shown that the
total simulated heating errors (data not shown) in the
tropics and also in the mid-high latitudes over the
oceans are mainly induced by the CO in either win-

ter or spring and summer. In January, there exists
overestimated CO over the Arabian Sea, and under-
estimated heating over the eastern BOB and tropical
Pacific (left panels of Fig. 9). Since these two heat-
ing centers are located in the northern tropics close to
the equator, according to Gill (1980) such an asym-
metric thermal forcing can generate a Rossby-wave
upper-tropospheric response. As demonstrated in the
upper-left panel of Fig. 9, the strong negative con-
densation heating bias of lower than −150 W m−2

over the Andaman Sea in the southeastern BOB pro-
duces a significant difference in anticyclonic circula-
tion to its northwest over India and the northwest-
ern BOB; whereas, the strong positive condensation
heating bias of greater than 90 W m−2 over the trop-
ical Arabian Sea produces a significant cyclonic cir-
culation to its northwest over the Arabian Peninsula.
Such a thermal-induced cyclone/anticyclone pair can
also be identified at the 200-hPa level, as presented
in the upper-right panel of Fig. 3. However, the de-
viated cyclonic circulation over the Arabian Penin-
sula at 200 hPa gets dampened probably because the
background stationary-wave circulation there is anti-
cyclonic (upper-left panel of Fig. 3).
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As a consequence, only left over tropical Asia is an
amplified and remarkable anticyclone circulation cen-
tered over India (upper-right panel of Fig. 3). In Jan-
uary, westerlies prevail over subtropical Asia at 200
hPa (upper panel of Fig. 1), and the thermal-induced
anticyclone circulation over India thus propagates
northeastward, presenting a Rossby-wave train. Dur-
ing its course of northward propagation, its amplitude
gets enhanced owing to the increasing latitude along
its path. Eventually, a remarkable anticyclone circula-
tion bias with a GPH increase of greater than 120 gpm
appears over the northern Pacific (upper-right panel of
Fig. 3). From this point of view, the weaker EAT in
winter modeled by FGOALS-s2 is at least partly due
to the weaker condensation heating over the southeast-
ern BOB (upper-left panel of Fig. 9). It is interesting
to see that the northerly/southerly on the east/west
of the different anticyclone over the northwestern Pa-
cific is well coordinated with decreased/increased con-
vective heating. Considering the strong baroclinity in
this region in winter, the above results indicate the sig-
nificance of the cold and dry/warm and moist advec-
tion on the enhanced/suppressed convective activities
in winter.

Another warm bias in January exists over the east-
ern tropical Pacific (January in Fig. 7 and left panels
of Fig. 9). The heat source is much closer to the equa-
tor where the Coriolis effect of the Earth’s rotation is
diminished. Thus, there is a positive GPH bias above
the heating. Such warming shifts to the central Pacific
and persists until spring, April and May, and results in
an anticyclone bias over the central Pacific compared
to ERA-40. During the summer months of June and
July, warm biases appear over mid-high latitudes over
the continents (Fig. 7). Those warm biases over Eura-

sia contribute to the northward shift of the SAA center
in the model compared to ERA-40 (Figs. 1 and 2).

The tracks of the SAA center and diabatic heat-
ing (Fig. 8) further show that SAA seasonal develop-
ment is closely related to the seasonal variation of
total heating. In April in the ERA-40 observation,
total heating starts increasing to the south of South
Asia. The heating is about 70 W m−2 in March, but
70 W m−2 in April over South Asia and the west-
ern Pacific (left panels of Fig. 1 and Fig. 8a). Corre-
spondingly, the SAA is established near 110◦E, which
is consistent with previous studies (Qian et al., 2002;
Liu et al., 2009). Meanwhile, from modeling results,
the total heating above the SCS area increases from
March to April, but is still negative (Fig. 8b). Thus,
although the GPH over the SCS increases (right pan-
els of Fig. 1), the increase is not large enough and the
GPH is lower than that near the central Pacific (right
panels of Fig. 1). Therefore, the simulated SAA is very
weak near the SCS and the center of the high pres-
sure is located near the central Pacific, as presented in
Fig. 8.

In subtropical summer, CO dominates the eastern
continent (Liu et al., 2004b; Wu et al., 2009). Figures
1 and 4 clearly show that the domination of CO starts
from April, by comparing both ERA-40 and simulation
results. However, in April, modeled CO is weaker than
that in ERA-40, and surface sensible heating is over-
estimated in southeastern Asia (right panels of Fig. 9).
Thus, the lower total heating in the simulation in April
is mainly due to the weaker simulated levels of conden-
sation. Comparing Fig. 8c to Fig. 8b, we can see that
the deviation of total heating to the east of the date
line is also due to the CO bias. Therefore, we can
conclude that, in spring, CO contributes to the es-

Fig. 8. The time–longitude tracks of the SAA centers (contours; defined in the same way as in Fig. 2) and column
diabatic heating (shaded; units: W m−2) along the same latitude where the SAA center is located. (a) Total
heating from ERA-40; and (b) total heating and (c) CO from FGOALS-s2. Solid contour: ERA-40; dashed
contour: FGOALS-s2.



NO. 3 LIU ET AL. 603

Fig. 9. Differences between FGOALS-s2 and ERA-40 in zonal deviation of wind (vector; units: m s−1) at 500 hPa
(left) and 1000 hPa (right). The shading denotes column CO (left) and surface SE (right) (units: W m−2). Jan-
uary and April to July are represented from top to bottom. Only wind differences that are statistically significant
at the 99% level according to the Student’s t-test are shown.

tablishment of the SAA and simulated CO deviation
plays a dominant role in the simulated deviation of
SAA seasonal development.

CO is underestimated over most of the TP and
southern Asia not only in spring but also in summer,
especially in later spring and early summer, i.e. in May
and June (left panels of Fig. 9). Along the weak zonal
flow, the atmospheric adaptation to external heating is
manifested as the following Sverdrup vorticity balance
(Wu and Liu, 2000; Liu et al., 2001):

βv ≈ (f + ζ)
θz

∂Q

∂z
. (1)

Where β is the variation of Coriolis parameter (f)
with latitude, v the meridional wind, ζ the vertical
component of vorticity, θz the vertical changes in po-
tential temperature, Q the diabatic heating. There-
fore, the underestimated CO in the TP–East-Asia area
can result in southerlies in the upper troposphere and
northerlies in the lower troposphere. Such wind de-
viation is significant in the western Pacific in June,
i.e. southerlies at 200 hPa (right panel of Fig. 3) and
northerlies at 500 hPa (right panel of Fig. 9), since
the maximum CO is between 400 and 500 hPa in the
FGOALS-s2 summer monsoon region.

It is interesting to note that, in the Atmospheric
Model Intercomparison Project (AMIP) integration,
the CO over the western Pacific is overestimated (data
not shown; refer to Wang et al., 2012); thus, the 500-
hPa SAWP is stronger in the AMIP run than in the
coupled experiment. As shown in Bao et al. (2012),
there is a cold bias of the SST in the warm pool do-
main in the FGOALS-s2 simulation, the same as in
its earlier version (Wang et al., 2007). Therefore, the
atmosphere responds too strongly to the warm SST in
the AMIP run and the negative feedback between the
precipitation and the SST in the coupled experiment
is also too strong. Consequently, the FGOALS sim-
ulation presents a weaker bias in both the SST and
heating in the atmosphere over the warm pool area.

4.2 SAs near the surface

The bias from the reanalysis of the simulated zonal
deviation circulation near the surface is opposite to
that in the middle and upper troposphere. The sim-
ulated surface SA SAEA is stronger than in ERA-40
from spring to summer, while the positive deviation
of the SAEP mainly appears in summer (right panels
of Fig. 5b). This is because the simulated surface SE
(Fig. 9b) presents a warm bias from winter to summer
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on most of the African–European continents, but only
in summer on the North America continent. Accord-
ing to the PV-θ view (Hoskins, 1991) and the theory
of thermal adaptation (Wu and Liu, 2000), the at-
mosphere is expected to respond to continental heat-
ing by the generation of cyclonic circulation in the
lower troposphere and anticyclonic circulation over the
ocean (Liu et al., 2001, 2004b; Wu et al., 2009). How-
ever, lower surface pressure biases do exist over the
African–Eurasian continent during spring and sum-
mer, while only in summer over North America (right
panels of Fig. 5) when the SE is overestimated on the
continents (right panels of Fig. 9). Correspondingly,
stronger southerly winds over East Asia and the west-
ern Pacific and in eastern America and the western At-
lantic, as well as stronger northerly winds over the west
American and west African coasts, exist in the simula-
tion, meaning that the surface SAs over the oceans are
stronger in summer than in ERA-40 (right panels of
Fig. 5). In addition, the westward shift in the locations
of the two surface anticyclone centers is the result of
the underestimated simulation of the long-wave radia-
tion cooling over the eastern oceans (Fig. 1). Wu et al.
(2003) and Liu et al. (2004b) have indicated that LO
cooling over the eastern oceans can generate negative
vorticity near the surface and results in the asymmet-
ric configuration of the surface SAs, with their centers
shifted eastwards. In FGOALS-s2 and its earlier ver-
sion (Wu et al., 2003), the cloud scheme is a diagnostic
method based on vertical motion and relative humid-
ity (Liu and Wu, 1997). The stratus cloud is under-
estimated globally compared to the tropical rainfall
measuring mission (TRMM) data, especially over the
eastern oceans in the lower troposphere (Wang et al.,
2011), resulting in weaker LO near the top of the stra-
tus cloud. For example, the modeled LO is 50 W m−2

less over the eastern Pacific during spring and summer.
This weaker LO then leads to the westward shifting of
the centers of the SAEP and SAEA in FGOALS-s2.

The exception is in winter. Although there is a
warm SE bias in January over the African–Eurasian
continent (upper-right panel of Fig. 9), there is a posi-
tive GPH bias at 1000 hPa (right panels of Fig. 5) and
the GPH presents a quasi-barotropic anticyclonic cir-
culation from surface to the upper troposphere from
20◦–40◦N (right panels of Figs. 3 and 5). This may be
due to the cooling bias of the column air temperature
over this region (January in Fig. 7).

5. Summary and discussion

The general simulation characteristics of the sea-
sonal evolution of SAs in the Northern Hemisphere and
their biases were documented for the climate model

FGOALS-s2 in this study. Comparisons with ERA-40
and JRA-25 reanalysis data were made to explore the
reasons responsible for the biases and to understand
the control mechanism of the seasonal development of
SAs.

In general, the CO over the Asian Monsoon area in
summer contributes to the establishment of the SAA
in spring and the strengthening of the SAA and the
SAWP in summer. The CO simulation deviation plays
a dominant role in the simulation deviation of SAA
seasonal development. The SE in the mid-high lati-
tudes of Eurasia also contributes to the configuration
of the SAA in summer.

Many aspects of the SAs, the SAA in the upper tro-
posphere, the SAWP in the middle troposphere, and
the SAEP and SAEA near the surface are simulated
reasonably well in winter and summer. The main bias
of the simulated SAA appears during its generation
stage in spring. The deviations of the GPH from the
reanalysis are consistent with the bias of temperature
in the troposphere. In ERA-40, an anticyclone circu-
lation develops in spring over the SCS owing to the
remarkable increase in precipitation and the associ-
ated CO over South Asia and the Indochina Penin-
sula. While in the simulation, there is a persistently
overestimated CO bias over the central and eastern
tropical Pacific from winter to summer, and an un-
derestimated CO bias over the SCS and western Pa-
cific from spring to summer. Such biases generate an
anticyclonic gyre in the upper troposphere above the
middle Pacific and delay the generation of the SAA
over South Asia in April. The weaker CO over the
East-Asia–West-Pacific region in spring and summer
also contributes to the weaker SAA and SAWP in the
model in spring and early summer. In mid-summer,
the simulated SAA is located farther north than in
ERA-40 owing to the excessively strong surface SE to
the north of the TP.

For the two modeled near-surface SAs, the SAWP
and the SAEA, their intensity is stronger in summer,
with the SAEA becoming stronger from spring, and
their centers are located westwards compared to in the
ERA-40 reanalysis. The former is due to the stronger
surface SE bias over the two continents in the Northern
Hemisphere, which generates stronger cyclonic circula-
tion over land and anticyclone circulations over oceans;
whereas the latter is mainly due to the weaker long-
wave radiation cooling bias over the eastern oceans
associated with much less simulated local stratiform
clouds.

The results obtained from this study demonstrate
that, to simulate the seasonal evolution of SAs bet-
ter in the climate model FGOALS-s2, the stratiform
cloud scheme, the skills of the convection processes
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and land-air energy exchange, need to be improved.
Furthermore, the weaker modeled CO over the east-
ern Asia and western Pacific area is associated with
its cold bias of the SST in the warm pool region. Fur-
ther efforts on air-sea interaction simulation are also
necessary.
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