
ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 27, NO. 3, 2010, 583–593

A Regional Air–Sea Coupled Model and Its Application

over East Asia in the Summer of 2000

FANG Yongjie (���), ZHANG Yaocun∗ (���),
TANG Jianping (���), and REN Xuejuan (���)

School of Atmospheric Sciences, Nanjing University, Nanjing 210093

(Received 15 December 2008; revised 30 June 2009)

ABSTRACT

A regional air–sea coupled model, comprising the Regional Integrated Environment Model System
(RIEMS) and the Princeton Ocean Model (POM) was developed to simulate summer climate features over
East Asia in 2000. The sensitivity of the model’s behavior to the coupling time interval (CTI), the causes of
the sea surface temperature (SST) biases, and the role of air–sea interaction in the simulation of precipitation
over China are investigated. Results show that the coupled model can basically produce the spatial pattern
of SST, precipitation, and surface air temperature (SAT) with five different CTIs respectively. Also, using a
CTI of 3, 6 or 12 hours tended to produce more successful simulations than if using 1 and 24 hours. Further
analysis indicates that both a higher and lower coupling frequency result in larger model biases in air–sea
heat flux exchanges, which might be responsible for the sensitivity of the coupled model’s behavior to the
CTI.

Sensitivity experiments indicate that SST biases between the coupled and uncoupled POM occurring
over the China coastal waters were due to the mismatch of the surface heat fluxes produced by the RIEMS
with those required by the POM. In the coupled run, the air–sea feedbacks reduced the biases in surface
heat fluxes, compared with the uncoupled RIEMS, consequently resulted in changes in thermal contrast over
land and sea and led to a precipitation increase over South China and a decrease over North China. These
results agree well observations in the summer of 2000.
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1. Introduction

Regional Climate Models (RCMs) have experi-
enced a period of rapid development since their ap-
pearance in the late 1980s (Dickinson et al., 1989;
Giorgi and Bates, 1989; Giorgi et al., 1996; Fu et al.,
2000; Pal et al., 2007). Owing to their better descrip-
tion of terrain features and underlying surface condi-
tions, and incorporation of detailed land–surface pro-
cesses, RCMs can be used to capture regional-scale
characteristics of temperature and precipitation, as
well as the impact of soil moisture variation on the
regional climate (Kim and Hong, 2007). These fea-
tures and their effects are not well represented in
General Circulation Models (GCMs) due partly to

the coarse resolution and simplified physical process
schemes used in GCMs. Considering the importance
of RCMs in regional climate studies, more and more
research groups have been involved in the development
of RCMs, attempting to make RCMs more suitable for
the simulation of the unique climate features over East
Asia (Liu et al., 1996; Liu and Ding, 2001; Leung et
al., 2004; Ding et al., 2006; Qian and Leung, 2007).

In recent years, the global change System for Anal-
ysis, Research and Training Regional Center for Tem-
perate East Asia (START TEA) has carried out a se-
ries of studies on the development and application of
RCMs (Zhang et al., 2005; Feng and Fu, 2006) and es-
tablished the Regional Integrated Environment Model
System (RIEMS) (Fu et al., 2000; Fu and Su, 2004).
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Preliminary validation and application work for the
RIEMS has shown that it has a moderate ability in
simulating mean climate state, extreme events, and cli-
mate changes over East Asia (Xiong et al., 2003; Wu
et al., 2004; Xiong, 2004; Xiong et al., 2006). How-
ever, there are still several drawbacks and limitations
in the RIEMS, such as its overestimation of precipita-
tion over most areas of China, especially North China.
Moreover, SSTs in the coastal oceans are specified by
the observed SST as the ocean boundary condition in
the RIEMS, which is a fixed external forcing condition.
Although the atmospheric response to oceanic forcing
is included, the model fails to treat air–sea interactions
and cannot represent reasonably the strong feedback
between ocean and regional climate. Therefore, it is
necessary to couple the RIEMS with an oceanic model
to improve its simulation ability. This served as the
primary motivation for the present study.

As part of the development work of the RIEMS,
a regional air–sea coupled model system comprising
the RIEMS and the Princeton Ocean Model (POM)
(Blumberg and Mellor, 1987) was developed and is re-
ported on in this paper. The coupled model is applied
to investigate whether and how the coupling improves
the simulation of climate features, especially precip-
itation over East Asia in the summer of 2000. At
that time, a catastrophic drought occurred over North
China. It is one of the most famous drought disaster
cases in China in the last 40 years due to the very small
amount of precipitation, its long-lasting duration, and
the resulting large economic losses (Wei et al., 2004).

In the coupled model system, the frequency at
which information is exchanged between the atmo-
sphere and ocean components is determined by the
coupling time interval (CTI). The CTI in global
atmosphere–ocean coupled models (CGCMs) has a
distinctive impact on the simulation of intraseasonal
variations, such as the Madden-Julian Oscillation, and
interannual variability, such as ENSO events (Bernie et
al., 2005; Danabasoglu et al., 2006). Previous studies
have shown that a CTI of one day is an optimal choice
for most CGCMs (Danabasoglu et al., 2006; Randall
et al., 2007). However, less attention has been paid to
the sensitivity of a model’s behavior to the CTI in a
regional air–sea coupled system (Ren and Qian, 2005;
Seo et al., 2007). In the present study, a group of
experiments was carried out to focus on this question.

Another key question addressed in this paper re-
lates to “climate drift” occurring both in the early
version of CGCMs (Moore and Gordon, 1994) and in
regional air–sea coupled models, especially in terms of
SSTs, i.e. SST bias (Ren and Qian, 2005). Many stud-
ies have investigated the reasons behind SST drift in
CGCMs during the past 20 years. The results have

shown that a coarse atmospheric or oceanic model,
imprecise physical parameterizations (Moore and Gor-
don, 1994), or some feedback processes (Cai and Gor-
don, 1999) might contribute to SST drift. Here, we de-
signed a set of coupled model experiments to explore
the causes of SST drifts, i.e. SST bias between the
coupled and uncoupled simulations. By doing this, we
can provide guidance for the future development and
optimization of the coupled model system, as well as
the RIEMS.

The remainder of the paper is organized as fol-
lows. Section 2 introduces the oceanic and atmo-
spheric models and describes the coupling technique.
Section 3 briefly describes the numerical experiment
schemes. Section 4 presents experiment results with
varied CTIs. Section 5 discusses the differences be-
tween coupled and uncoupled simulation results. And
finally, section 6 provides discussion and a summary.

2. Regional coupled models and coupling
technique

The RIEMS was developed by START TEA (Fu
et al., 2000), which is a primitive equation, grid point
limited area model with hydrostatic compressible bal-
ance written in a terrain-following coordinate sys-
tem. It is an augmented version of the National Cen-
ter for Atmospheric Research (NCAR) Penn State
Meso-scale Model, MM5. A number of physical pa-
rameterizations were coupled into the RIEMS, which
include a widely used land surface scheme, namely
the Biosphere–Atmosphere Transfer Scheme (BATS)
(Dickinson et al., 1986), a Holtslag explicit planetary
boundary layer formulation (Holtslag et al., 1990), a
Grell cumulus parameterization (Grell, 1993), and a
modified radiation package (CCM3).

The POM was developed in the late 1970s by G.
Mellor’s group at Princeton University. It is a sigma-
coordinate, free-surface, primitive equation oceanic
model. The version of POM used in this modeling
system was improved by Chu and Chang (1997) and
Qian et al. (1998). The improved POM has delivered
good performance in simulating the intraseasonal, sea-
sonal, and annual variation of SST and circulation in
the East Asian coastal regions, and can be used to ex-
amine the responses of the regional ocean to the East
Asian monsoon (Zhang and Qian, 1999; Ren and Qian,
2000a, b; Qian and Wang, 2000).

To couple the atmospheric model with the oceanic
model, a flux–SST coupler was used to bridge the two
models, in which the RIEMS provides surface heat
and momentum fluxes for the POM, and the POM
model feeds back SST to the atmospheric component.
The coupling simulation begins with the atmospheric
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model running for one CTI with observed SST. Then,
surface fluxes of momentum, sensible heat, latent heat
and radiation are calculated in the atmospheric model
and transferred to the oceanic model. Following that,
the oceanic model is also integrated for one CTI, and
the generated SST is passed to the atmospheric model,
which drives another CTI for the atmospheric model.
No flux adjustment is included in the coupled model.

3. Numerical experimental design

The RIEMS and POM share the same model do-
main, which covers most of the East Asian monsoon
region centered at 24◦N, 121◦E (Fig. 1). The hori-
zontal resolution of both the atmospheric and oceanic
models is 60 km, with a 115×98 grid in the east-west
and north-south directions. The simulation period for
both the atmosphere and ocean component was from
25 April to 1 September 2000. For convenience of anal-
ysis, we divided the whole China region into four sub-
regions according to regional climate features: South-
east China, North China, Northeast China, and West
China (Fig. 1). Also indicated in Fig. 1 are two sub-
regions used for the analysis of the oceanic elements,
which include the South China Sea (SCS) and part of
the western Pacific warm pool.

NCEP–NCAR reanalysis data II at 6-hour inter-
vals (Kalnay et al., 1996) were used to provide both the
initial and lateral boundary conditions for the atmo-
spheric model. The lateral boundary conditions that
forced the oceanic model were derived from the clima-
tological mean temperature and salinity data of Levi-
tus (1982) and the non-gradient extrapolation method
was used to give the lateral boundary condition of
ocean current. Following Ren and Qian (2000a, b), the
spin-up integration of the oceanic model included two
steps. First, starting from a static ocean, the oceanic
model was integrated from 1 January for one year,

 

 

 

 

 

 

Fig. 1. Model domain and sub-regions. Numbers from 1
to 6 indicate Southeast China, North China, Northeast
China, West China, SCS, and part of the western Pacific
warm pool, respectively.

forced by NCEP–NCAR reanalyzed monthly wind
stress and heat fluxes averaged over the period 1986–
2005. Second, the oceanic model was continuously
driven to 25 April of the following year, using NCEP–
NCAR reanalysis data from 2000. After these two
steps, the whole ocean reaches a relatively equilibrium
state, and is realistic in terms of its closeness to ob-
served results. Therefore, the outputs of the second
step on 25 April 2000 were set as the initial fields of
the oceanic model in the coupled system.

Reported in this paper are the results of several
simulations performed from 25 April to 1 September
2000. The experiment denoted as CTR RIEMS was
carried out by the RIEMS only, using weekly reanalysis
SST as the oceanic boundary forcing, and the experi-
ment denoted as CTR POM was carried out with the
POM only, forced by NCEP–NCAR reanalysis data.
In order to examine the responses of the coupled model
to the CTI, five experiments of the regional coupled
model system with CTIs of 1, 3, 6, 12, and 24 hours
were carried out, and denoted as CPL1, CPL3, CPL6,
CPL12, and CPL24, respectively. To investigate the
causes of SST bias, two other sensitivity experiments
were also performed and the related detail will be dis-
cussed in section 5.1.

4. Experimental results with varied CTIs

In this section, the analysis focuses on the follow-
ing two aspects: first, the performance of the coupled
model in simulating summer climate features and the
oceanic element in 2000; and second, the response of
the coupled model to the different CTIs. The simu-
lation results are compared with both reanalysis data
and station data. Precipitation and surface air tem-
perature were derived from the World Meteorologi-
cal Organization surface networks at 160 stations in
China. NCEP–NCAR reanalysis data II are used
to validate the simulated atmospheric circulation and
surface heat fluxes in the interior of the model domain.

4.1 Simulations of sea surface temperature
with varied CTIs

Figure 2 shows the summer SST distribution for
the observation and the coupled simulations with five
different CTIs. As demonstrated in Fig. 2f, observed
SST is higher than 29◦C in waters south of 20◦N, ex-
cept in the middle of the SCS where a cool tongue
(<29◦C) is located. Overall, the coupled simulations
with different CTIs can successfully reproduce high
SST regions in the SCS and part of the western Pa-
cific warm pool (Figs. 2a–e). However, the simulated
SSTs are cooler than observed in the middle of the
Philippine Sea and part of the western Pacific warm
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Fig. 2. Distribution of summer SST for: (a) CPL1; (b) CPL3; (c) CPL6; (d) CPL12; (e) CPL24;
and (f) observation (units: ◦C; shading indicates >28◦C, 29◦C, and 30◦C).

pool, and slightly warmer in the east of the SCS and
south of the Philippine Sea.

To further examine the sensitivity of SST in the
coupled simulations to the CTI, we calculated the
root mean square errors (RMSEs) and spatial corre-
lation coefficients (SCCs) of SST in August between
the model simulations and observations. These results
are summarized in Table 1 and Table 4, respectively.
In the whole of China’s coastal waters, the RMSEs
for CPL6 and CPL12 are 1.09◦C and 1.08◦C, respec-
tively. These values are slightly smaller than those for
CPL1, CPL3, and CPL24, which are 1.26, 1.22, and
1.13◦C, respectively (Table 1). The SCCs for CPL3,
CPL6, and CPL12 are 0.852, 0.850, and 0.844, respec-
tively. These correlation coefficients are slightly higher
than those for CPL1 and CPL24, which are 0.815 and
0.813, respectively (Table 2). The SST RMSE in the
other two sub-regions (the SCS and part of the west-
ern Pacific warm pool) shows similar characteristics as
that in the whole of China’s coastal waters. This in-
dicates that the coupled model using a CTI of 3, 6,
or 12 hours tends to capture the SST pattern more
reasonably than if using 1 or 24 hours.

4.2 Simulations of precipitation with varied
CTIs

Precipitation is a major criterion when evaluating
the performance of global and regional atmospheric
models. The simulated and observed summer precipi-
tation in 2000 is presented in Fig. 3. As shown in Fig.
3f for the observed summer precipitation, there are two
major rain belts and one rainfall center located in the
Huaihe River valley, Southeast China, and Southwest
China, respectively. All of the precipitation patterns
in the five experiments (Figs. 3a–e) are reasonable
when compared with observed results, especially for
the two rain belts and one rainfall center. The simula-
tions also capture less precipitation events over North
China, compared with the three areas with heavy pre-
cipitation mentioned above. However, the simulated
precipitation is overestimated across the whole China,
and especially in South China. For example, the maxi-
mum precipitation rate in all five coupling experiments
is around 13 mm d−1, which is about 6 mm higher than
observed. Another difference between the simulations
and observed results is that the simulated rain belt
over the coast of Southeast China is positioned far-

Table 1. The RMSEs between simulated and observed SST in August over the SCS, part of the western Pacific warm
pool, and the whole of China’s coastal waters (units: ◦C).

RMSE

Region CPL1 CPL3 CPL6 CPL12 CPL24

China’s coastal waters 1.26 1.22 1.09 1.08 1.13
SCS 0.70 0.57 0.51 0.53 0.55
Part of the western Pacific warm pool 0.75 0.65 0.60 0.62 0.67
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Fig. 3. As in Fig. 2, except for summer precipitation (units: mm d−1; shading indicates > 5, 8,
and 11 mm d−1).

ther north than observed. In addition, there are obvi-
ous differences among all the five experiments. For ex-
ample, the northeast-southwest-oriented rain belt over
the Huaihe River valley is captured better in CPL3,
CPL6, and CPL12 than in CPL1 and CPL24.

Table 2 and Table 3 illustrate the SCCs and RM-
SEs of precipitation in August between the model sim-
ulations and the observation. It is found that, across
the whole of China, the SCC in CPL6, with a value
of 0.405, is higher than in the other experiments (Ta-
ble 2), and that the RMSE in CPL3, with a value of
4.66 mm, is smaller than in the other experiments (Ta-
ble 3). Similar to the analysis on SST in section 4.1,
the three simulations of CPL3, CPL6 and CPL12 with
CTIs of 3, 6, or 12 hours, present smaller RMSEs than
those of CPL1 and CPL24 with CTIs of 1 or 24 hours
in most of the sub-regions (Table 3).

4.3 Simulations of surface air temperature
with varied CTIs

The climatological characteristics of observed sum-
mer surface air temperature (SAT) (figure not shown)
show a cool center over the Tibet Plateau, a warm
tongue over eastern China, and a high temperature

belt over the low-latitude ocean region. The five ex-
periments with varied CTIs all capture this distribu-
tion pattern, compared with the observation, espe-
cially for the warm tongue over eastern China (figure
not shown). However, the simulated SAT is overesti-
mated in eastern China and the SCS and underesti-
mated in West China and part of the western Pacific
warm pool.

Comparisons of SAT in August between modeled
and observed results are given in Tables 4 and 2. It
is found that, across the whole of China, the SCCs in
the five experiments are mostly the same (Table 2),
but the RMSE in CPL6, with a value of 3.21◦C is
slightly smaller than in CPL1 and CPL24, with val-
ues of 3.37◦C and 3.34◦C, respectively (Table 4). The
RMSE of SAT in most of the sub-regions shows sim-
ilar characteristics to that over the whole of China,
although its differences among the experiments with
different CTIs are relatively small (Table 4).

4.4 Simulations of sensible and latent heat
fluxes with varied CTIs

The atmosphere and ocean display a continuum in
air–sea interaction. Therefore, the highest possible

Table 2. The SCCs between simulated SST over the whole of China’s coastal waters, precipitation, and SAT over the
whole of China and the observations in August.

SCC

CPL1 CPL3 CPL6 CPL12 CPL24

SST 0.815 0.852 0.850 0.844 0.833
Precipitation 0.322 0.362 0.405 0.366 0.324
SAT 0.923 0.925 0.923 0.924 0.924
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Table 3. The RMSEs between simulated and observed precipitation over sub-regions and the whole of China in August
(units: mm d−1).

RMSE

Region CPL1 CPL3 CPL6 CPL12 CPL24

China 4.96 4.66 4.72 4.69 4.98
Northeast China 3.27 3.08 3.09 3.19 3.39
North China 5.00 3.41 3.09 3.68 4.66
Southeast China 3.34 3.61 3.80 4.26 3.90
West China 5.43 5.26 5.46 5.14 5.54

Table 4. The RMSEs between simulated and observed SAT over sub-regions and the whole of China in August (units:
◦C).

RMSE

Region CPL1 CPL3 CPL6 CPL12 CPL24

China 3.37 3.29 3.21 3.35 3.34
Northeast China 2.11 2.23 2.19 1.86 2.33
North China 2.76 2.61 2.62 2.60 2.65
Southeast China 2.68 2.46 2.38 2.58 2.67
West China 3.91 3.84 3.85 3.91 3.86

coupling frequency in a coupled model will best mimic
nature. However, from the above analysis of SST, pre-
cipitation and SAT, it is noted that the coupled model
using CTIs of 3, 6 or 12 hours tends to make better
simulations than when using 1 or 24 hours. To better
understand the sensitivity of the coupled model’s be-
havior to the CTI, we calculated the biases of the total
oceanic surface heat fluxes, as represented by the sum
of the sensible and latent heat fluxes in August, be-
tween the model simulations and the observation. As
shown in Table 5, the biases of the surface heat fluxes
between CPL6 and the observation over the whole of
China’s coastal waters, the SCS, and part of the west-
ern Pacific warm pool, are 15.4, 7.2, and 27.5 W m−2,
respectively. These values are detectably smaller, com-
pared to 19.5, 19.4, and 34.8 W m−2 for CPL1, and
18.6, 15.3, and 34.5 W m−2 for CPL24. This clearly
indicates that the relatively high coupling frequency in
CPL1, despite its best representation of nature, leads
to larger biases in latent and sensible heat fluxes than
in CPL6. Meanwhile, the relatively low coupling fre-

quency in CPL24 also results in larger biases in latent
and sensible heat fluxes than in CPL6, probably due
to its poor representation of the frequency in nature.
Further analysis of the bias in net incoming solar ra-
diation and outgoing long-wave radiation (figures not
shown) shows similar characteristics to those of surface
latent and sensible heat fluxes. This suggests that too
high or too low a coupling frequency may cause larger
model biases in the air–sea heat flux exchange, which
might be responsible for the relatively poor simulation
results in CPL1 and CPL24.

5. Comparisons between coupled and uncou-
pled simulations

In the above sections, we have described a regional
air–sea coupled model system and examined its per-
formance by comparison between coupled simulations
and observed results. We have addressed especially the
sensitivity of the coupled model’s behavior to the CTI,
and it is encouraging that the coupled model system

Table 5. The biases in surface latent heat plus sensible heat fluxes in August between the model simulations and ob-
servations over the SCS, part of the western Pacific warm pool, and the whole of China’s coastal waters. (units: W
m−2).

BIAS

Region CPL1 CPL3 CPL6 CPL12 CPL24

China’s coastal waters 19.5 17.8 15.4 17.1 18.6
SCS 19.4 6.7 7.2 11.4 15.3
Part of the western Pacific warm pool 34.8 33.7 27.5 32.2 34.9
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shows good performance in simulating summer climate
features and oceanic elements for the year 2000. To
explore whether and to what extent the air–sea inter-
actions exert an influence on the performance of the
coupled model system, we examine now, in this sec-
tion, the differences between coupled and uncoupled
model simulations. The intercomparison discussed in
section 4 revealed that the CTI exerts a robust influ-
ence on simulated results, and that the coupled model
with CTIs of 3, 6, or 12 hours generates more reason-
able results. Therefore, in each experiment discussed
below, the CTI was set to 6 hours.

5.1 Comparisons between CPL6 and CTR
POM

In this section, we are concerned with the dif-
ferences between the coupled and uncoupled regional
oceanic model simulations. The SST differences be-
tween CPL6 and CTR POM, averaged from June to
August, are shown in Fig. 4. Similar to the compar-
ison of SST between the coupled model simulations
and the observation (Figs. 2a–f), the significant dif-
ferences are the cooling bias of up to 0.5◦C over part of
the western Pacific warm pool and the warming bias of
up to 0.5◦C over the eastern SCS. Moreover, there are
also slight warm biases located in the Bohai and Japan
Seas. SST is a key factor in the exchange of heat and
momentum fluxes between the ocean and atmosphere,
through which the atmosphere and ocean interact with
each other. Hence, the SST bias in China’s coastal wa-
ters may lead to the air–sea interaction biases in the
coupled model system, which may contaminate the re-
sponse of the coupled model system in climate change
and climate variability experiments. It is thus impor-
tant to study the causes of the bias in the coupled
model system, with the aim being to eliminate that
bias.

In our coupled model, the ocean component is
driven by the heat and momentum fluxes transferred

 

 

Fig. 4. Summer SST differences between CPL6 and
CTR POM (units: ◦C).
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Fig. 5. The time evolution of summer SST in 2000 over
(a) part of the western Pacific warm pool and (b) east of
the SCS. Solid line, CTR POM; short dashed line, CPL6;
open circles, SENEXP1; open triangle, SENEXP2 (units:
+27 ◦C).

from the atmosphere component. Therefore, the dis-
agreement of these fluxes with those required by the
POM might be associated with the simulated SST
bias. In order to identify the contribution of the heat
and momentum fluxes to the SST bias, two other sen-
sitivity experiments, denoted as SENEXP1 and SEN-
EXP2, were carried out using the coupled system.
Both SENEXP1 and SENEXP2 held the same initial
and lateral boundary conditions, as well as CTI, as
CPL6. However, in SENEXP1 (SENEXP2), the mo-
mentum flux (heat flux) forcing the ocean component
was taken from the atmospheric component, while the
heat flux (momentum flux) was extracted from obser-
vations.

Figure 5a shows the time evolution of the sim-
ulated SST for CTR POM, CPL6, SENEXP1, and
SENEXP2 from June to August over part of the west-
ern Pacific warm pool. It can be seen that the SST
differences between CTR POM and SENEXP1, and
between CPL6 and SENEXP2, in which the ocean
component is forced by the same heat flux but a differ-
ent momentum flux, are not robust during the whole
simulation period. This indicates that the impact of
momentum flux coupling on the cold bias is limited.
However, the SST differences between CPL6 and SEN-
EXP1, and between CTR POM and SENEXP2, in
which the ocean component was forced by the same
momentum flux but a different heat flux, display a
cold tendency during the simulation period. There-
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Fig. 6. (a) Distribution of summer precipitation in CTR RIEMS; (b) differences in summer
precipitation between CPL6 and CTR RIEMS (units: mm d−1).

fore, heat flux coupling plays a much more important
role in the cold bias. Similar to Fig. 5a, analysis of Fig.
5b demonstrates the large impact of heat flux coupling
on the warm bias over the eastern SCS. The experi-
mental results indicate the necessity to pay more at-
tention to the heat fluxes transferred from the RIEMS,
which may not be in agreement with the heat fluxes
required by the ocean to maintain the observed clima-
tology.

5.2 Comparisons between CPL6 and CTR
RIEMS

Figures 6a and 6b demonstrate the distribution
of summer precipitation in CTR RIEMS and the dif-
ferences of summer precipitation between CPL6 and
CTR RIEMS. By comparison of the simulated pre-
cipitation in the coupled model (see Fig. 3c) and in
CTR RIEMS (see Fig. 6a) with the observation (see
Fig. 3f), it is found that both the coupled and uncou-
pled models systematically overestimate precipitation
in North China. When compared with CTR RIEMS,
the coupled model predicts less precipitation, as shown
in Fig. 6b, indicating a general improvement in the
model performance by coupling with the ocean. In the
following analysis, we try to understand how dynamic
and thermodynamic coupling in the air–sea interaction
system improves precipitation simulation.

The differences of summer surface heat fluxes in
2000 between CPL6 and CTR RIEMS are shown in
Fig. 7a. A noticeable feature is that positive and neg-
ative differences of surface fluxes are located to the
north and south of 20◦N, respectively (see Fig. 7a).
The differences of surface heat flux exchanges at the
air–sea interface alter the heating rate of the atmo-
sphere (figure not shown), and therefore leads to differ-
ences in low-level air temperature (Fig. 7b). As shown
in Fig. 7b, an increased temperature belt is elon-
gated from southwest to northeast. Meanwhile, two
decreased centers are located in North and Northwest
China and the northwestern Pacific, respectively. This

pattern indicates changes in thermal contrast over land
and sea due to reduced southeast-northwestward tem-
perature gradients over eastern China and opposite
changes over the coastal region of eastern China and
adjacent open oceans. The differences of low-level at-
mospheric winds in the summer of 2000 are shown in
Fig. 7c. The remarkable differences are a cyclonic and
an anticyclonic pattern located over the Sea of Japan
and the east of the SCS, respectively, demonstrating
that the low-level flow in CPL6 is weaker over most
parts of eastern China and stronger over the coastal
region of South China. This is consistent with the dif-
ferences of air temperature gradient at 850 hPa. The
northeasterly differential wind dominating mainly over
eastern China weakens the transportation of warm and
moist air from the south to the north of China, result-
ing in more precipitation over the Yangtze River valley
and Southeast China and less precipitation over North
China, as shown in Fig. 6b.

The above analysis shows that the improved sim-
ulation of precipitation offered by the coupled model-
ing approach is largely associated with changes of sur-
face heat fluxes at the air–sea interface over the ocean.
Since the changes of surface heat fluxes are extremely
sensitive to SST changes, one might wonder whether
this improvement comes from the consideration of air–
sea interaction or the response of the coupled model
to SST biases. As indicated before, the SST biases are
attributed to the heat fluxes produced by the RIEMS.
Therefore, the discrepancies in the surface heat fluxes
between CTR RIEMS and observations were checked,
as shown in Fig. 8. Contrary to the distribution shown
in Fig. 7a, CTR RIEMS exhibits positive biases and
negative biases to the south and north of 20◦N, re-
spectively, indicating diminished biases of surface heat
fluxes in the coupled model. This can be attributed to
the new equilibrium state the coupled model reaches
after adjusting with the atmospheric model. Upon
coupling with the ocean model, the increased surface
heat flux cools the local sea surface and weakens the
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Fig. 7. Differences between CPL6 and CTR RIEMS in
the summer of 2000: (a) surface heat fluxes (units: W
m−2, positive means upward); (b) 850 hPa air temper-
ature (units: ◦C); (c) 850 hPa atmospheric wind (units:
m s−1).

 

 

 

 

 

 

 

Fig. 8. Discrepancies in surface heat fluxes between
CTR RIEMS and the observation in the summer of 2000
(units: W m−2, positive means upward).

convection activities to the south of 20◦N. The lower
SST and weaker convection considerably reduce the
surface heat fluxes and increase the solar radiation.
The case is reversed to the north of 20◦N. Therefore,
a new equilibrium climate state is established in this
air–sea coupled system. The SST is now lower than
the observation over part of the western Pacific warm
pool, and higher over the Bohai and Japan Seas (see
Fig. 4). This indicates that the adjustment of SST to
the errors of the atmospheric model leads to improve-
ments in surface heat fluxes, thus resulting in a better
simulation of precipitation over China, as illustrated
in the analyses above.

6. Discussion and summary

In this study, a regional air–sea coupled model con-
sisting of RIEMS and POM has been constructed. The
coupled model has been tested through simulations of
climate features in the summer of 2000. Several ex-
periments were carried out, and the behavior of the
coupled model examined and compared. The main re-
sults are as follows:

(1) Experiments with varied CTIs were performed.
It was found that the coupled model, regardless of
CTI, can reproduce well the salient features of the East
Asian climate in the summer of 2000, including the
high SST regions in the SCS and part of the western
Pacific warm pool, the rain belts and rain center over
the Huaihe River valley, Southeast China, and South-
west China, and a spatial SAT pattern with a cool cen-
ter, a warm tongue, and a high temperature belt over
the Tibet Plateau, eastern China, and low-latitude
ocean region, respectively. Comparison studies of SST,
precipitation, and SAT in August between the coupled
simulations and observed data showed that the cou-
pled model, using a CTI of 3, 6 or 12 hours, tended
to produce more successful simulations than if using
1 and 24 hours. Further analysis of surface latent
and sensible heat flux biases between coupled simu-
lations and observations showed that both a higher
and lower coupling frequency results in larger model
biases in air–sea heat flux exchanges over the ocean,
which might be responsible for the sensitivity of the
coupled model’s behavior to the CTI.

(2) Climate drift, especially for SST bias, occurred
in the coupled simulation results. Results from sensi-
tivity experiments showed that a possible reason for
the cold bias over part of the western Pacific warm
pool and warm bias over the eastern SCS is the dis-
agreement in heat fluxes produced by the RIEMS with
those required by the POM. Therefore, a more accu-
rate description, revision, and parameterization of the
physical process in the RIEMS, especially a good sur-



592 A REGIONAL AIR–SEA COUPLED MODEL VOL. 27

face heat and momentum flux exchange scheme for the
ocean surface, to yield better surface flux estimates, is
necessary to remove the SST drift and associated sim-
ulation biases.

(3) The coupled model on the regional scale turned
out to be a clear improvement compared to the un-
coupled run with the atmospheric model, especially
for precipitation over North China. This can be at-
tributed to the adjustment of the SST to the errors
in the atmospheric model. Upon coupling with the
oceanic model, air–sea feedback between the model
components reduced biases of surface heat fluxes, com-
pared with the uncoupled RIEMS, consequently re-
sulted in changes in thermal contrast over land and sea
and led to a precipitation increase over South China
and decrease over North China. These results agree
well observations in the summer of 2000.

An important issue that deserves more study is
why the coupled model with a higher coupling fre-
quency showed relatively poor performance. Higher
coupling frequency might lead to rapid growth of sys-
tematic errors in the coupled model, which might
therefore be related with the larger model biases in
anomalous air–sea heat flux and associated poor sim-
ulation results. This needs to be explored further
through numerical experiments. In addition, this is a
preliminary study emphasizing the importance of re-
gional model air–sea coupling. Long continuous sim-
ulations with the coupled model are currently under
way to further test the modeling system.
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