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ABSTRACT

The performance of a regional air–sea coupled model, comprising the Regional Integrated Environment
Model System (RIEMS) and the Princeton Ocean Model (POM), in simulating the seasonal and intrasea-
sonal variations of East Asian summer monsoon (EASM) rainfall was investigated. Through comparisons
of the model results among the coupled model, the uncoupled RIEMS, and observations, the impact of
air–sea coupling on simulating the EASM was also evaluated. Results showed that the regional air–sea
coupled climate model performed better in simulating the spatial pattern of the precipitation climatology
and produced more realistic variations of the EASM rainfall in terms of its amplitude and principal EOF
modes. The coupled model also showed greater skill than the uncoupled RIEMS in reproducing the principal
features of climatological intraseasonal oscillation (CISO) of EASM rainfall, including its dominant period,
intensity, and northward propagation. Further analysis indicated that the improvements in the simulation of
the EASM rainfall climatology and its seasonal variation in the coupled model were due to better simulation
of the western North Pacific Subtropical High, while the improvements of CISO simulation were owing to
the realistic phase relationship between the intraseasonal convection and the underlying SST resulting from
the air–sea coupling.
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1. Introduction

The summer climate of East Asia is characterized
by marked monsoon climate. The complex topogra-
phy, the strong ocean–continent contrast and air–sea
interaction associated with monsoonal activities are
the dominant features forcing the East Asian summer
monsoon (EASM) climate and its variations (Ding and
Chan, 2005). These unique features make EASM pre-
diction a great challenge to the climate research com-

munity and require special consideration in designing
high-resolution regional climate models (RCMs) to be
used in this particular region. Various attempts have
been made in the development of RCMs suitable for
the simulation of the East Asian climate (Lee and Suh,
2000; Wang et al., 2003; Fu et al., 2005; Zou et al.,
2010). Previous results have shown that RCMs are
more skillful at resolving land surface heterogeneity
and other physical processes and thus can better cap-
ture the regional-scale characteristics of climate vari-
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ables compared to the more coarse-resolution GCMs
(Giorgi and Bates, 1989; Kim and Hong, 2007).

Although significant progress has been made in the
area of regional climate modeling, there remain many
discrepancies in current RCMs, especially with respect
to their relatively low skill in simulating precipitation
and its variations on different timescales (Leung et al.,
1999; Fu et al., 2005). One of the major uncertain-
ties of current RCMs is the representation of air–sea
interaction. Previous studies have found that atmo-
spheric forcing dominates local air–sea interaction over
the East Asian coastal oceans in summertime (Wu and
Kirtman, 2007). When the observed SST anomalies in-
duced by atmospheric forcing are used to force RCMs,
unrealistic atmospheric variability and improper local
air–sea relationships appear (Wang et al., 2005; Wu
and Kirtman, 2007). Therefore, a two-way coupling
between ocean and the regional atmosphere needs to
be included in RCMs to properly reproduce the mon-
soon climate over East Asia.

In recent years, great worldwide efforts have also
been made in the development of regional air–sea cou-
pled models, with a focus on the air–sea coupling pro-
cess in monsoon regions (Aldrian et al., 2005; Ratnam
et al., 2009), weather and climate forecasting (Döscher
et al., 2002), and extreme climate events (Seo et al.,
2007; Vincenzo et al., 2010). There are also some re-
gional coupled modeling studies concerning the EASM
(Ren and Qian, 2005; Fang et al., 2010; Li and Zhou,
2010). While improvements are evident in coupled
simulations of the EASM, the results of individual re-
gional coupled models are preliminary and vary widely
depending on different model components, especially
for the atmospheric component (Zou and Zhou, 2011).
Moreover, most of the regional air–sea coupled mod-
els generally show systematic biases in their simula-
tions of the EASM when compared with observations,
such as the overestimation of precipitation over east-
ern China and the cold bias of SST over East Asian
coastal oceans (Ren and Qian, 2005; Fang et al., 2010).
Therefore, a more thorough and multifold evaluation
of the coupled model’s reproduction of the EASM is
needed, not only to provide a scientific basis for its fur-
ther development and improvement, but also to better
understand the coupling processes between the East
Asian coastal oceans and monsoonal circulations.

In the study reported upon in the present paper,
the regional air–sea coupled model developed by Fang
et al. (2010), based on the Regional Integrated Envi-
ronment Model System (RIEMS) and the Princeton
Ocean Model (POM), was applied to simulate the cli-
matological variations of EASM rainfall. Climatologi-
cal EASM rainfall exhibits complex timescales of vari-
ation, among which seasonal variation has the most

dominant characteristics. The rainy season, contribut-
ing to most of the annual water resources in East Asian
countries, is strongly controlled by the seasonal evolu-
tion of the EASM rainband and associated large-scale
circulation (Tao and Chen, 1987; Lau et al., 1988).
It is also well known that the climatological intrasea-
sonal oscillation (CISO) is an essential component of
the EASM system (Krishnamurti, 1985; Kang et al.,
1999), strongly regulating the climatological onset (re-
treat) and active (break) spells of the EASM (Huang
and Sun, 1994; Wang and Xu, 1997; Kang et al., 1999;
Mao et al., 2010). Considering the diverse temporal
and spatial characteristics of the climatological varia-
tions of the EASM, a reasonable simulation of the sea-
sonal and intrseasonal variations of EASM rainfall by
RCMs is therefore important for the dynamical fore-
casting of the EASM, as well as climate prediction over
China.

The purpose of our study was to evaluate the per-
formance of the regional air–sea coupled model and
investigate whether the air–sea coupling can improve
the simulation of climatological variations of EASM
rainfall compared to a climate model without air–sea
coupling. The remainder of the paper is organized as
follows. Section 2 gives a description of the oceanic
and atmospheric models, the numerical experiment
schemes, and the dataset used. A detailed analysis of
the numerical results is presented in section 3. Finally,
the main findings and conclusions from this work are
summarized in section 4.

2. Model description, experiments and
dataset

2.1 Atmosperhic and oceanic components

The atmospheric component of the coupled cli-
mate model system is the Regional Integrated Envi-
ronment Model System (RIEMS), which was devel-
oped by the global change System for Analysis, Re-
search and Training Regional Center for Temperate
East Asia (START TEA) (Fu et al., 2000). It is a
primitive equation, grid-point-limited area model with
hydrostatic compressible balance written in a terrain-
following coordinate system. The RIEMS is an aug-
mented version of the National Center for Atmospheric
Research (NCAR) Penn State Mesoscale Model, MM5.
A number of physical parameterizations have been em-
ployed in the RIEMS, including a widely applied land
surface scheme [the Biosphere–Atmosphere Transfer
Scheme (BATS; Dickinson et al., 1986)], a Holtslag ex-
plicit planetary boundary layer formulation (Holtslag
et al., 1990), a Grell cumulus parameterization (Grell,
1993), and a modified radiation package (CCM3). The
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RIEMS is currently participating in the Regional Cli-
mate Model Intercomparison Project (RMIP) to sim-
ulate the regional climate in Asia (Fu et al., 2005).
Analysis of its simulation results contributing to RMIP
has shown that it has a moderate ability in simulating
the mean climate state, extreme events, and climate
changes over East Asia (Wu et al., 2004; Xiong et al.,
2006).

The oceanic component of the coupled model sys-
tem is the POM, which was developed in the late 1970s
by Mellor’s group at Princeton University (Blumberg
and Mellor, 1987). It is a 3-D, free-surface, primi-
tive equation model using Arakawa-C grid staggering
and a sigma coordinate in the vertical. Vertical dif-
fusivities and viscosities are derived from the Mellor-
Yamada turbulent closure submodel (Mellor and Ya-
mada, 1982), which yields realistic surface and bottom
Ekman layers. Horizontal diffusivities and viscosities
are parameterized by the Smagorinsky relation to hor-
izontal resolution and dynamics (Smagorinsky, 1963).
The version of POM used in this study was the re-
sult of improvements made by Chu and Chang (1997)
and Qian et al. (1998), and has shown good perfor-
mance in simulating the intraseasonal, seasonal, and
annual variation of SST and circulation in the East
Asian coastal regions (Zhang and Qian, 1999; Chu et
al., 2001). Earlier studies demonstrated that this ver-
sion of POM can be used to examine the responses of
the regional ocean to the monsoon climate (Ren and
Qian, 2005; Zou and Zhou, 2011).

2.2 Regional air–sea coupled climate model
system

In the regional air–sea coupled climate model sys-
tem, RIEMS and POM share the same model domain,
which covers most of the East Asian monsoon region
centered at 24◦N, 121◦E (Fig. 1). The horizontal res-
olution of both the atmospheric and oceanic models

Fig. 1. Regional model domain and topography height
(m). Dashed box denotes the analysis area.

is 60 km. RIEMS has 18 vertical layers with a model
top pressure of 50 hPa. POM adopts 16 vertical sigma
levels with approximately eight layers in the upper 100
m of water.

The linkage between the oceanic and atmospheric
components is established by a flux–SST coupler in the
regional air–sea coupled model system. The coupler’s
task is to transfer the surface wind stress and surface
heat fluxes (downward net shortwave and longwave ra-
diation, sensible heat and latent heat fluxes) calcu-
lated in RIEMS to POM and feed back RIEMS the
SST calculated in POM. The exchange of these vari-
ables between atmospheric and oceanic components of
the regional air–sea coupled model is carried out ev-
ery six hours during the numerical integration. At the
lateral open ocean boundaries, a combination of radi-
ation and relaxation conditions were implemented for
the present study (Barnier et al., 1998). The air-sea
coupling does not introduce correction of heat and mo-
mentum fluxes.

2.3 Numerical experiments

In this work, two numerical experiments were car-
ried out. The first, CTRL−EXP, used uncoupled
RIEMS, and the other, CPL−EXP, used the regional
air–sea coupled model. NCEP/NCAR reanalysis data
at 6-h intervals (Kalnay et al., 1996) provided the
atmospheric initial and lateral boundary conditions
in CTRL−EXP and CPL−EXP. In CTRL−EXP, the
oceanic boundary forcing was offered by weekly mean
global SST (GISST) data (Reynolds et al., 2002). The
uncoupled RIEMS was carried out from 25 April to 1
September in each year during the period 1985–2004.

In CPL−EXP, the oceanic boundary forcing was
provided by the oceanic component of the regional
air–sea coupled model. The precoupling ocean spin-
up integration before running the coupled model in-
cluded two steps. In the first step, POM was driven
by the NCEP/NCAR monthly wind stress and sur-
face heat fluxes (latent and sensible heat fluxes, down-
ward net shortwave and longwave radiation) averaged
over 1985–2004 were integrated for 1 yr from an initial
resting state. The lateral boundary conditions were
derived from the monthly Levitus climatological salin-
ity and temperature (Levitus, 1984). In the second
step, POM was continuously integrated from 1 Jan-
uary to 25 April forced by NCEP/NCAR reanalysis
data in each year over 1985–2004, respectively. Af-
ter these two steps, the whole ocean reached a rela-
tively equilibrium and realistic state. Then, the re-
gional air–sea coupled climate model whose oceanic
components takes the outputs of the second step as
the initial conditions, was run interactively from 25
April to 1 September for each year from 1985–2004.
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2.4 Methodology and dataset

Both CTRL−EXP and CPL−EXP outputted daily
mean data. Each experiment obtained model re-
sults for 20 summers (1985–2004). To eliminate high-
frequency signals, all daily mean data were first aver-
aged to pentad mean data before analysis. To reveal
the spatial and temporal patterns of summer monsoon
rainfall variation, EOF analysis was applied to pen-
tad mean precipitation anomalies from the observa-
tion and simulations. The power spectra from each of
the 20-yr pentad rainfall were averaged to identify the
mean timescale of the CISO. This timescale was then
isolated by applying a Lanczos filter (Duchon, 1979)
to the pentad mean rainfall during May to August.

For model validation, various observational data
were analyzed for May–August over the period 1985–
2004. The pentad mean rainfall data were derived
from the Climate Prediction Center Merged Analy-
sis of Precipitation (CMAP; Xie and Arkin, 1997).
NCEP/NCAR reanalysis data were used to validate
the modeled atmospheric circulation in the interior of
the model domain shown in Fig. 1.

3. Results

3.1 Climatological mean of the EASM rainfall

Since the distribution of EASM rainfall and its
variations is closely related to SST anomalies over East
Asian coastal oceans (Ding and Chan, 2005), we firstly
examine the SST distribution simulated by the re-
gional air–sea coupled model. Figure 2 shows the spa-
tial pattern of the observed and modeled 20-yr sum-
mer mean SST. The observed SST (Fig. 2a) over 29◦C
was located in the south of 20◦N, including the South
China Sea (SCS) and the Northwest Pacific. The re-
gional air–sea coupled model successfully reproduced
the higher SST over the SCS (Fig. 2b). However, com-
pared with the observation, cold biases in the modeled
SST occurred in part of the western Pacific warm pool.
Simulated SST greater than 29◦C retreated to south of
10◦N, and this bias was also evident in some previous
regional coupled models (Ren and Qian, 2005; Zou et
al., 2010). Fang et al. (2010) pointed out that the SST
biases were due to the adjustment of SST to the errors
of surface heat fluxes simulated by the RIEMS in the

coupled system.
Figure 3 shows the observed and modeled 20-yr

climatological summer mean precipitation. As shown
in Fig. 3a, the greatest intensity of the observed sum-
mer mean precipitation was located along 15◦N over
the Philippine Sea and SCS. It should also be noted
that three large rainfall centers were located over east-
ern China, the Korean peninsula, and Japan, respec-
tively, which corresponded to the EASM rainband.
These main features were generally reproduced by
CPL−EXP (Fig. 3c) and CTRL−EXP (Fig. 3b), but
the rainfall amount was underestimated over the whole
East Asian coastal oceans area and overestimated over
eastern China, respectively (Figs. 3b, c). Other RCMs
have shown similar biases, which are probably asso-
ciated with the cumulus convective parameterization
scheme (Leung et al., 1999; Yhang and Hong, 2008).
CPL−EXP had a spatial pattern correlation coefficient
of 0.36 with CMAP data, while CTRL−EXP returned
a value of 0.28 (Table 1). The difference in rainfall be-
tween CPL−EXP and CTRL−EXP (Fig. 3d) indicates
that the inclusion of air–sea interaction in the coupled
model improves rainfall simulation, e.g. rainfall mod-
eled by the coupled model increased over almost the
whole Northwest Pacific and reduced over North China
(Fig. 3d), and this simulation was in better agreement
with the observation than the uncoupled RIEMS.

3.2 Variation of the climatological summer
precipitation during May to August

The variation of the modeled climatological sum-
mer precipitation from CTRL−EXP and CPL−EXP
were examined by analyzing the 20-yr mean pentad
data during May to August. As shown in Fig. 4, the
standard deviation gives the amplitude of the pre-
cipitation variation in summer. The standard devi-
ation of observed precipitation (Fig. 4a) showed a sim-
ilar pattern to its mean state (as shown in Fig. 2a),
with large variations located over the Philippine Sea,
SCS, eastern China, the Korean peninsula, and Japan.
Both CTRL−EXP and CPL−EXP captured this spa-
tial pattern, but the amplitude of the modeled varia-
tion was weaker (stronger) over the Philippine Sea and
SCS (eastern China) than the observation. Compared
with the CTRL−EXP, CPL−EXP reduced (increased)
the amplitude of the precipitation variation over east-

Table 1. The correlation coefficients of summer mean rainfall, CISO intensity, standard deviation of EASM rainfall
over the analysis area (see Fig. 1), and PCs of the first two EOF modes of EASM rainfall between the simulations and
observation.

Mean rainfall Standard deviation PC1 PC2 CISO intensity

CTRL−EXP 0.28 0.37 0.70 0.50 0.09
CPL−EXP 0.36 0.43 0.81 0.68 0.30
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Fig. 2. The climatological summer mean SST (◦C) from (a) GISST and (b) CPL−EXP. Regions
with SST greater than 28◦C are shaded.

Fig. 3. The climatological summer mean precipitation (five-point smoothing, mm d−1) from (a)
CMAP, (b) CTRL−EXP, and (c) CPL−EXP. (d) is for the difference in summer precipitation be-
tween CPL−EXP and CTRL−EXP. Regions with precipitation greater than 4 mm d−1 in (a–c) and
the difference in precipitation greater (less) than 1 mm d−1 in (d) are dark (light) shaded.
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Fig. 4. The standard deviation of climatological variations of pentad precipitation (mm d−1) from
May to August from (a) CMAP, (b) CTRL−EXP, and (c) CPL−EXP. (d) is for the difference in
precipitation standard deviation between CPL−EXP and CTRL−EXP. Regions with the precipita-
tion standard deviation greater than 4 mm d−1 in (a–c) and the difference in precipitation standard
deviation greater (less) 0.5 mm d−1 in (d) are dark (light) shaded.

ern China and Japan (Philippine Sea) (Fig. 2d), in-
dicating a general improvement in the RIEMS model
performance by coupling with the ocean model.

The principal modes of the 20-yr climatological
EASM rainfall during May to August were examined
using the EOF analysis method. Figure 5 displays
the first EOF mode of the modeled and observed
precipitation. The spatial pattern of the first EOF
mode of the observed precipitation (Fig. 5a) showed
a negative anomaly belt extending from South China
northeastward to the Northwest Pacific and southern
Japan and two large positive anomaly regions located
along the SCS–Philippine Sea and the North China–
Far East, respectively. This mode, accounted for 54%,
35%, and 30% of the total variance in the observation,
CTRL−EXP, and CPL−EXP respectively, represent-
ing the seasonal evolution of the broad-scale EASM.
Both CTRL−EXP and CPL−EXP simulated the pat-

tern of the first EOF mode well, comparable to the
observation in terms of the position of the precipi-
tation anomaly centers (Figs. 5b, c). Note that the
magnitude of the precipitation anomalies across the
East Asian coastal oceans, especially in the Philippine
Sea, was somewhat better simulated in CPL−EXP
than that in CTRL−EXP. The corresponding prin-
cipal components (PC1s) are shown in Fig. 5d. The
correlation coefficient of the PC1 between CPL−EXP
and the observation was higher than that between
CTRL−EXP and the observation (0.81 vs 0.70; Ta-
ble 1). In addition, the PC1 of CTRL−EXP results
(Fig. 5d) showed a delayed onset of monsoon rainfall,
with the turning point from negative to positive phase
being in early July, while in CPL−EXP and in the
observation it occurred in late June and mid-June, re-
spectively.

The second EOF mode of the observed rainfall
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Fig. 5. The first EOF mode of the climatological pentad precipitation during May
to August from (a) CMAP, (b) CTRL−EXP, and (c) CPL−EXP. The PC of the first
EOF mode is shown in (d).

Fig. 6. As in Fig. 5, but for the second EOF mode and the associated PC.
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was characterized by a negative anomaly belt over the
Northwest Pacific with two positive anomaly belts lo-
cated on its northwest and south sides, respectively
(Fig. 6a). Both CTRL−EXP and CPL−EXP cap-
tured the observed pattern of the second EOF mode,
and reproduced the positive anomalies belt associated
with the Meiyu-Baiu rainband extending from central
China to Japan particularly well (Figs. 6b, c). How-
ever, the negative anomalies over the Northwest Pacific
in both simulations were underestimated compared
with the observation. The associated PC2 shown in
Fig. 6d indicates that the Meiyu-Baiu rainband pre-
vailing from early June to mid-July was captured in
both CTRL−EXP and CPL−EXP. Similar to the PC1,
comparison of PC2 between the simulation and obser-
vation indicates a delayed onset of the monsoon rain-
fall in both CTRL−EXP and CPL−EXP. However,
CPL−EXP was in better agreement with the obser-
vation than CTRL−EXP.

3.3 CISO of the EASM rainfall

The performance of the coupled model in simulat-
ing CISO of the EASM rainfall in terms of its dominant
period, intensity, and propagation will be evaluated
in this section. The dominant periodicities of CISO
of rainfall over the EASM region (20◦–45◦N, 110◦–
140◦E) were identified through the spectrums of 20-
yr mean pentad precipitation during May to August.
The CISO of the observed precipitation had a major
spectral peak on day 30 (Fig. 7a). It can be seen that
both CTRL−EXP and CPL−EXP showed significant
skill in reproducing the 30-day peak, which was well
above the 95% confidence level for the reference red
noise spectrum (Figs. 7a–c). In the following analyses,
the CISO signal was extracted from the climatological
pentad rainfall data using a 6–12 pentad (30–60 day)
Lanczos filter (Duchon, 1979).

Figure 8 shows the spatial distribution of the CISO
intensity for the modeled and observed EASM pre-
cipitation, which is defined as the percentage of the
variance of CISO to the total variance of pentad rain-
fall. The observed large value belt of CISO inten-
sity extended from southeastern China to Japan with
maximum centers over the Yangtze River valley and
Japan. Another large center of CISO intensity can be
found over the oceanic region north of 20◦N (Fig. 8a).
CTRL−EXP failed to reproduce the main distribution
of the CISO intensity. For instance, the amplitude of
CISO was weaker over the whole EASM region and
the centers of large values were positioned more north-
ward than the observation (Fig. 8b). Compared with
CTRL−EXP, the amplitude of CISO in CPL−EXP
was significantly enhanced over most of the EASM re-
gion, and slightly reduced over the Northwest Pacific

Fig. 7. Power spectrums of the CISO over the EASM
region from (a) CMAP, (b) CTRL−EXP, and (c)
CPL−EXP. Dashed lines denote that the confidence level
is greater than 95% against red noise.

along 10◦–20◦N (Fig. 8d), similar to the observation
(Fig. 8c). Meanwhile, the spatial pattern correlation
coefficient of CISO intensity between CPL−EXP and
the observation was 0.30, which was obviously higher
than that between CTRL−EXP and the observation,
which had a value of 0.09 (Table 1).

The time–latitude cross sections of the CISO com-
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Fig. 8. Distribution of the CISO intensity (%) from (a) CMAP, (b) CTRL−EXP, and (c)
CPL−EXP. (d) is for the difference in CISO intensity between CPL−EXP and CTRL−EXP. The
CISO intensity is denoted as percentage of variance of CISO to the total variance of the pentad
mean rainfall from May to August. Regions with CISO intensity greater than 10% in (a–c) and the
difference in CISO intensity greater (less) 3% in (d) are dark (light) shaded.

ponent of precipitation averaged along 125◦–135◦E
from CMAP, CTRL−EXP, and CPL−EXP are pre-
sented in Fig. 9. During the period from 1 May
to 1 September, three CISO events can be iden-
tified in the observation (Fig. 9a). The strongest
event, appearing in early May, propagated northward
from the Northwest Pacific to the Japan Sea, which
was associated with the climatological onset of the
EASM. Both CTRL−EXP and CPL−EXP captured
the first two events but failed to reproduce the third
event, which appeared in late August over the North-
west Pacific (Figs. 9b, c). It should also be noted
that the propagating speed of CISO events in both
CTRL−EXP and CPL−EXP was slower than the ob-
servation (Figs. 9b, c). Compared with CTRL−EXP,
CPL−EXP showed notable improvements in the sim-
ulation of CISO northward propagation. For example,
the signal of the first CISO event in CTRL−EXP was

weaker to the south of 30◦N, while it was more realistic
in CPL−EXP. The second CISO event in CTRL−EXP
was confined to the south of the Northwest Pacific
(Fig. 9b), whereas it propagated obviously northward
to 30◦N in CPL−EXP, which was consistent with the
observation (Fig. 9c).

3.4 Possible explanations for the improve-
ment of the climatological variations of
EASM rainfall simulated in CPL−EXP

As mentioned above, the regional air–sea coupled
climate model showed better performance in simulat-
ing the location and intensity of the EASM rainfall cli-
matology and its climatological seasonal and intrasea-
sonal variations compared with the uncoupled RIMES.
This indicates that the inclusion of the air–sea cou-
pling in RIEMS is necessary for EASM rainfall simula-
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Fig. 9. Time–latitude cross sections of the climatologi-
cal intraseasonal component of precipitation (mm d−1)
averaged along 125◦–135◦E from (a) CMAP, (b)
CTRL−EXP, and (c) CPL−EXP.

tion. In this section, we explore the reasons for the
improvements in the climatological variations of the
EASM rainfall modeled by the coupled system.

3.4.1 Possible explanations for the improvement of
seasonal variation of EASM rainfall simulated
in CPL−EXP

It is well known that the seasonal variation of
EASM rainfall is associated with the intensity, struc-
ture and location of the western North Pacific Subtrop-
ical High (WNPSH) (Huang and Yu, 1962; Tao and
Chen, 1987). Therefore, in this section, the observed
and simulated climatological summer mean geopo-

tential height and the associated water vapor trans-
port at 850 hPa are examined. As shown in Fig. 10,
both CTRL−EXP and CPL−EXP captured the gross
pattern of the WNPSH and the low-level water va-
por transport over the EASM region (Figs. 10b, c).
However, the simulated WNPSH in CTRL−EXP was
stronger and extended more westward than the obser-
vation, yielding underestimated (overestimated) rain-
fall over the East Asian coastal oceans (eastern China)
(shown in Figs. 3b, c). Compared to CTRL−EXP, the
850-hPa geopotential height in CPL−EXP was weaker
over most parts of East Asia and the Northwest Pa-
cific, more consistent with the NCEP/NCAR reanal-
ysis data (Fig. 10c). Accompanied with the change in
the WNPSH (Fig. 10d), the low-level southwesterlies
in CPL−EXP were enhanced over the SCS and North-
west Pacific (figure not shown), resulting in strength-
ened transportation of warm moist air from the SCS
and western Pacific to eastern China and the North-
west Pacific (Fig. 10d). Therefore, the rainfall clima-
tology (see Fig. 3d) was enhanced over most of the
EASM region.

The improvement of WNPSH simulation in
CPL−EXP might be associated with the change in the
net sea surface heat flux by coupling air–sea interac-
tions compared with CTRL−EXP. Figure 11a gives
the time–latitude of cross sections of the difference
in the net sea surface heat flux (upward is positive)
averaged along 125◦–135◦E between CPL−EXP and
CTRL−EXP. It is shown that the net sea surface heat
flux in CPL−EXP over the Northwest Pacific was in-
creased during the whole simulation period compared
with CTRL−EXP, partly due to the regional air–sea
coupling (Fu et al., 2005; Fang et al., 2010). This
change of the net sea surface heat flux may have
warmed the low-level air by altering the heating rate of
the atmosphere (Fig. 11b), and consequently resulted
in the weaker and eastward-located WNPSH in the
coupled model, which was in better agreement with
the observation (Fig. 10c).

Another notable improvement in CPL−EXP was
the earlier onset of the EASM rainband associated
with the first two leading EOF modes compared with
that in CTRL−EXP. This should also be associated
with the improvement of WNPSH simulation. The
eastward-located WNPSH in CPL−EXP (Fig. 10c) in-
dicates that the SCS was more liable to be dominated
by the westerly or southwesterly on the west flank
of the WNPSH, instead of the easterly on its south
side. The enhanced westerly located south of 20◦N
(Fig. 11c) might have led to an earlier shift from east-
erly to westerly over the SCS, which marks the onset
of the EASM (Wang et al., 2004). As a result, the
associated EASM rainband simulated by the regional
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Fig. 10. Summer 850-hPa water vapor transport (kg m−1 s−1) and geopotential height (gpm)
for: (a) NCAR/NCEPA reanalyses, (b) CTRL−EXP, and (c) CPL−EXP. (d) is for the differences
in the summer 850-hPa water vapor transport and geopotential height between CPL−EXP and
CTRL−EXP. Regions with geopotential height greater than 1520 gpm in (a–c) and the difference
in geopotential height less than −7 gpm in (d) are shaded.

air–sea coupled model displayed an earlier onset than
that simulated by the uncoupled RIEMS.

3.4.2 Possible explanations for the improvement
of CISO of EASM rainfall simulated in
CPL−EXP

The most remarkable improvement of CISO of
EASM rainfall simulated in CPL−EXP was the
stronger intensity of the northward-propagating CISO.
This might be associated with the air–sea coupling
process in the coupled model, which has been found
and confirmed in many previous studies (Fu et al.,
2003; Lin et al., 2010). In the observation and
CPL−EXP, the negative wind speed led to positive
convection in about one–two pentads (Fig. 12a), indi-

cating the decrease of low level wind speed to the north
of the convection center. The reduced surface evapora-
tion (Fig. 12b) associated with the wind–evaporation
feedback (Wu and Kirtman, 2007), along with the en-
hanced shortwave radiation (figure not shown) due to
the cloud–radiation feedback (Wu and Kirtman, 2007),
may have resulted in positive SST anomalies to the
north of the convection center. The positive (negative)
SST anomalies in CPL−EXP, therefore, systematically
led (lagged) convection by about 2 pentads with a cor-
relation coefficient of about 0.6 (−0.6), which agreed
well with the observation (Fig. 12c).

The high correlations between SST and low-level
air temperature (Fig. 12d), as well as SST with mois-
ture convergence (Fig. 12e), in the observation and
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Fig. 11. The time–latitude cross sections of the
differences between CPL−EXP and CTRL−EXP
in (a) sea surface heat flux (W m−2) and (b) 850-
hPa air temperature (K) averaged along 125◦–
135◦E, and in (c) 850-hPa zonal wind (m s−1)
averaged along 110◦–120◦E.

CPL−EXP imply that the warm SST would in turn
have fed back positively to the convection. The en-
hanced convective instability and boundary layer mois-
ture convergence may then have contributed greatly to
the northward propagation of the convection (Jiang
et al., 2004). In CTRL−EXP, however, SST was
only a boundary forcing for the atmosphere; it could
not have fed back to the convection. The weak

correlation between SST and precipitation (Fig. 12c),
low-level air temperature (Fig. 12d) and moisture
convergence (Fig. 12e) suggests that the northward-
propagating CISO in the uncoupled RIEMS run was
not closely tied to the underlying SST as in the cou-
pled run, which may have been the fundamental cause
for the weaker northward propagation of CISO in
CTRL−EXP (Fig. 9b).

4. Summary and discussion

In this work, the performance of a regional air–sea
coupled model system consisting of RIEMS and POM
was evaluated in simulating the seasonal and intrasea-
sonal variations of EASM rainfall. Two experiments,
named CTRL−EXP and CPL−EXP, were set by run-
ning the uncoupled RIEMS and the coupled regional
air–sea coupled climate model, respectively. Each ex-
periment was carried out from 25 April to 1 September
in each year over the period 1985–2004. The simula-
tion results from the coupled model have been ana-
lyzed, with a comparison of those from the uncoupled
RIEMS and the observation. The main findings can
be summarized as follows:

(1) The coupled model simulated reasonably well
the climatological SST and rainfall distribution over
the EASM region. While the simulated SST showed
cold biases over part of the western Pacific warm pool,
the rainband location and intensity simulated by the
coupled model were more reasonable than those mod-
eled by the uncoupled RIEMS. We also found that
the coupled model reproduced the larger amplitude of
the climatological variations of rainfall over the Philip-
pine Sea, SCS, and East Asia with greater skill than
the uncoupled RIEMS. The first two EOF modes of
the EASM rainfall represent the seasonal march of the
broad-scale monsoon and development of the Meiyu-
Baiu rain band. Both the coupled model and the un-
coupled RIEMS captured the spatial patterns of the
first two EOF modes. However, the coupled model
showed a more reasonable performance in capturing
the corresponding PC of the first two EOF modes
(e.g. the time of phase switching) than the uncoupled
RIEMS.

(2) The coupled model was found to be able to
broadly capture the dominant periods of the CISO of
EASM rainfall, with a major spectral peak appearing
around 30 days, and simulated a stronger CISO than
the uncoupled RIEMS over most of East Asia, similar
to that in the observations. The northward propaga-
tions of CISO were also better simulated in the coupled
model compared to the uncoupled RIEMS.

(3) Compared with the uncoupled RIEMS, im-
provements in the simulation of the seasonal variation
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CTRL_EXP

CPL_EXP

Fig. 12. The lag correlations, averaged over part of the East Asian coastal oceans (20◦–
30◦N, 125◦–135◦E), between intraseasonal rainfall and (a) 850-hPa wind speed, (b) surface
latent heat flux, and (c) SST. (d) and (e) are the same as (a), but for correlations be-
tween intraseasonal SST and 850-hPa air temperature and 1000-hPa moisture convergence,
respectively.

of EASM rainfall were found in the coupled model,
such as the earlier onset of the EASM rainband and
enhanced rainfall over most of East Asia, which were
found to be associated with better simulation of the
WNPSH in CPL−EXP. In addition, the air–sea cou-
pling in the coupled model resulted in a realistic re-
lationship between intraseasonal convection and the
underlying SST, which is suggested to be responsible
for the improvement in CISO simulation, especially in
terms of northward propagation.

In summary, coupling RIEMS with the POM offers
an effective strategy to improve the simulation of mon-
soon rainfall in East Asia. Since the above conclusion
is merely based on the results from one regional air–
sea coupled model, more coupled models with a variety
of RCMs and ocean models need to be developed for
EASM rainfall simulation. Moreover, although simula-
tions made by the coupled system were more realistic,
the comparison between the coupled model and the

uncoupled RIEMS demonstrated that there are sim-
ilar biases in the uncoupled RIEMS, signifying that
the biases present in the RIEMS have a great influ-
ence on the performance of the coupling system. From
this point, updating the cloud and radiation processes
and cumulus convection parameterization, which are
closely related to the rainfall simulation, may be an
important step for the future development of RIEMS.
The results obtained in this study are preliminary, and
additional analysis is underway to deepen our under-
standing of the coupled model and to provide further
insights into the regional air–sea coupled model sys-
tem.
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