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Abstract
In this study, we developed a high-resolution regional ocean–atmosphere coupled model, based on RegCM4 and a North 
Pacific Ocean model, through the OASIS3 coupler. The horizontal resolution of the atmospheric component (oceanic com-
ponent) was set to 15 km (0.1°). With the motivation to customize the model over western North Pacific (WNP) region, the 
sensitivity to three cumulus parameterization schemes (MIT-Emanuel, Tiedtke, Kain–Fritsch) was investigated with the 
focus on the WNP summer monsoon of 2005. The results indicated that a simulation with the Tiedtke scheme exhibited the 
relatively best performance over this region in terms of sea surface temperature (SST), rainfall, and circulation. Fifty percent 
of the model grids had biases of SST (rainfall) within ± 0.5 °C (± 2 mm/day) over WNP. In addition, the simulation with the 
Tiedtke scheme reasonably captured the shape and magnitude of the monsoon trough rainfall, the northward movement of the 
rainband and the associated circulation changes over WNP. However, the apparent heat source  (Q1) and moisture sink  (Q2) in 
the simulation with the MIT-Emanuel (Kain–Fritsch) scheme were nearly half (double) those of the observed measurements, 
especially in the lower troposphere over the monsoon trough region. The too weak (too strong) diabatic heating favored a 
weaker (stronger) ascending motion, which led to the underestimation (overestimation) of vertical moisture advection over 
the monsoon trough, thus resulting in evident dry (wet) biases. Our analysis suggested that the improved performance using 
the Tiedtke scheme could be attributed to the improved simulated vertical profile of diabatic heating, the inclusion of the 
effects of large-scale forcing in the cumulus parameterization, and the reasonable simulated relationship of precipitation 
with low-level vertical velocity.
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1 Introduction

Regional climate models (RCMs) with better-resolved local 
terrain and surface characteristics have been widely used 
as a useful tool for a wide variety of applications, includ-
ing for regional climate studies and future regional climate 
projections (Giorgi and Mearns 1999; Leung et al. 2003; 
Wang et al. 2004; Christensen et al. 2007). The Coordinated 

Regional Downscaling Experiment (CORDEX), one of 
the major international programs within the regional cli-
mate modeling community, aims to improve downscaling 
techniques and to provide reliable high-resolution climate 
information for impacts and adaptation studies (Giorgi et al. 
2009; Jones et al. 2011; Gutowski et al. 2016).

One of the frontiers in regional climate modeling is the 
coupling of other components of the climate system at the 
regional scale (Giorgi and Mearns 1999; Gutowski et al. 
2016). Coupling of the ocean component in RCMs has 
already been conducted with a focus on many regions of 
the world. One of the research foci employing a regional 
ocean–atmosphere coupled model is the Asian summer 
monsoon (Zou and Zhou 2016) and its subcomponents, 
including the South China Sea monsoon (Lu et al. 2000), the 
East Asian monsoon (Ren and Qian 2005; Yao and Zhang 
2010; Li and Zhou 2010; Fang et al. 2010; Cha et al. 2016; 
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Dai et al. 2018), the Indian monsoon (Ratnam et al. 2009; 
Seo et al. 2009), and the western North Pacific monsoon 
(Zou and Zhou 2011, 2012, 2013). The negative correla-
tion between the observed sea surface temperature (SST) 
and precipitation over the Asian summer monsoon region 
highlights the importance of local air–sea interactions in 
the simulation of the climatology and interannual variability 
of the Asian summer monsoon (Wang et al. 2005; Kumar 
et al. 2005; Zhou et al. 2009). The comparisons between the 
coupled and uncoupled regional climate simulations indeed 
show that summer monsoon rainfall and circulation were 
better simulated in the regional coupled simulation, although 
overall cold biases of the SST are simulated (e.g., Ratnam 
et al. 2009; Li and Zhou 2010; Zou and Zhou 2013; Zou 
et al. 2016).

These above studies were mainly based on regional 
ocean–atmosphere coupled models with a horizontal reso-
lution of 30–60 km for both atmospheric and oceanic com-
ponents. This kind of horizontal resolution is currently 
considered coarse to some extent. First, to well represent 
topographic effects on climate change, the resolution of the 
RCM should be at least 10–20 km (Giorgi et al. 2016). Sec-
ond, to well resolve ocean mesoscale eddies, the horizon-
tal resolution of the ocean model should be approximately 
10 km. A recent study indicated that the feedback between 
ocean mesoscale eddies and the atmosphere is fundamental 
to the dynamics and control of the strong western boundary 
currents (Ma et al. 2016). In this regard, it is necessary to 
develop a regional ocean–atmosphere coupled model with a 
horizontal resolution of approximately 10–20 km for climate 
studies over the Asian monsoon region.

Cumulus parameterization is crucial to regional climate 
models with a horizontal resolution of 10–20 km (Arakawa 
2004). There are various cumulus parameterization schemes 
with different closure assumptions and convection trig-
ger mechanisms. The selection of an appropriate cumulus 
parameterization scheme is usually the first step for customi-
zation of an RCM over a target region. The newly developed 
RegCM4 (Giorgi et al. 2012) at the Abdus Salam Interna-
tional Centre for Theoretical Physics (ITCP), for example, 
has been customized for many regions of the world. Mar-
tinez-Castro et al. (2018) investigated the sensitivity of 
RegCM4 to different cumulus parameterizations over the 
Central America and Caribbean regions. They found that 
the configuration with the Tiedtke cumulus scheme shows 
the most balanced range of biases across variables. Gao 
et al. (2016) compared the performance of RegCM4 with 
different convective parameterizations over China. They 
recommended the Emanuel cumulus scheme for future 
applications. Raju et al. (2015) investigated the sensitivity 
of RegCM4 to different convection schemes over South Asia 
and found that a mixed scheme (Emanuel over land and Grell 
over the ocean) is optimal. For Southeast Asia, Lui et al. 

(2018) conducted similar work but recommended the Ema-
nuel scheme with some modifications of the trigger mecha-
nisms. It is noted that nearly all the aforementioned studies 
were based on the uncoupled RegCM4, although some of 
the simulated domains covered large portions of the ocean. 
Therefore, the sensitivity of the ocean-coupled RegCM4 to 
cumulus parameterizations warrants further investigation.

In this study, we develop a high-resolution regional 
ocean–atmosphere coupled model based on RegCM4 and 
a North Pacific Ocean model. The horizontal resolution of 
the atmospheric component is set to 15 km, while that of the 
oceanic component is 0.1°. The regional ocean–atmosphere 
coupled model is applied to the western North Pacific mon-
soon region. Three 1-year simulations with different cumu-
lus parameterization schemes are conducted. The objectives 
of this study are as follows: (1) to introduce the developed 
regional coupled model and assess the model’s performance 
over the Western North Pacific; and (2) to investigate the 
sensitivity of the regional ocean–atmosphere coupled model 
to convective schemes and to explore the underlying mecha-
nisms, with particular interest over the monsoon trough. Our 
results indicate that the regionally coupled simulation with 
the Tiedtke scheme exhibits optimal performances over this 
region, especially over the monsoon trough, mostly because 
it reproduces the vertical profile of diabatic heating well, 
takes into account the effects of large-scale forcing in cumu-
lus parameterization, and reasonably simulates the relation-
ship of the low-level vertical velocity with precipitation.

The remainder of the paper is organized as follows: the 
models, the experimental design and the observational data-
sets are described in Sect. 2. The sensitivity of the simulated 
SST, rainfall and circulations to cumulus parameterization 
schemes are presented in Sect. 3. Section 4 discusses the 
underlying mechanisms of why the regionally coupled sim-
ulations differ remarkably over the monsoon trough. The 
major results and concluding remarks are summarized in 
Sect. 5.

2  Model description, experimental design, 
and observational datasets

2.1  Regional ocean–atmosphere coupled model

2.1.1  Atmospheric model component

The atmospheric model component of the regional 
ocean–atmosphere coupled model is the RegCM4 model 
(Giorgi et al. 2012) version 4.6, which was developed at 
ICTP. It is a limited area model, with a hydrostatic dynami-
cal core and a terrain-following sigma vertical coordinate 
system. The following model physics are employed: the 
community land model (CLM) 3.5 (Oleson et al. 2008), 
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the subgrid explicit moisture scheme (Pal et al. 2000), the 
radiation package of the NCAR community climate model 
version 3 (Kiehl et al. 1996), the nonlocal vertical diffusion 
scheme of Holtslag et al. (1990) with some modifications 
(Giorgi et al. 2012), and the ocean–atmosphere flux algo-
rithm proposed by Zeng et al. (1998).

The RegCM4.6 includes several options for the cumulus 
parameterization scheme. In this study, we investigate the 
sensitivity of the regional ocean–atmosphere coupled model 
performances to three cumulus parameterizations. The first 
is the MIT-Emanuel scheme (Emanuel 1991; Emanuel and 
Rothman 1999), in which the convection is triggered when 
the level of neutral buoyancy is higher than the cloud base 
level. In the MIT-Emanuel scheme, mixing in clouds is 
assumed to be highly episodic and inhomogeneous, and the 
mixing entrainment and detrainment rates are functions of 
the vertical gradients of buoyancy in clouds. The second is 
the Tiedtke parameterization (Tiedtke 1989; Nordeng 1994). 
In the Tiedtke scheme, a one-dimensional model represents 
the cloud ensemble and both updraft and downdraft are 
included. Updraft interacts with the environment through 
convective entrainment and detrainment. Three types of con-
vection are considered. The deep penetrative convection and 
midlevel convection are produced by large-scale moist con-
vergent flow, while shallow convection is maintained by the 
supply of moisture due to the surface evaporation. The third 
is the Kain–Fritsch scheme (Kain and Fritsch 1993; Kain 
2004). The Kain–Fritsch scheme was operated by identify-
ing the updraft source layer. When it is identified, the updraft 
flux is initialized with a velocity based on atmospheric insta-
bility and grid scale vertical motion. The entrainment and 
detrainment between the updraft and the environment occur 
at each layer.

2.1.2  Oceanic model component

The oceanic model component is a North Pacific Ocean 
model, which is the regional version of a quasi-global 
(excluding the Arctic Ocean) eddy-resolving ocean general 
circulation model (OGCM) (Yu et al. 2012). This eddy-
resolving OGCM has been used to investigate the ocean 
mesoscale structure-induced air–sea interaction in a high 
resolution coupled model (Lin et al. 2019). This model 
was developed based on the global climate ocean model, 
LICOM2 (LASG/IAP climate ocean model) (Liu et  al. 
2012), which has been employed as the oceanic component 
of the LASG/IAP global ocean–atmosphere coupled model 
FGOALS that participated in Coupled Model Intercom-
parison Project Phase 5 (CMIP5) (Li et al. 2013; Bao et al. 
2013). The North Pacific Ocean model adopts the geographic 
longitude–latitude grid and � coordinates in the vertical. A 
second order closure turbulence model (Canuto et al. 2001, 
2002) is used to parameterize the vertical mixing process 

due to the velocity shear and the internal-wave break. The 
North Pacific Ocean model is referred to as “LICOM_np” 
in the following discussion.

2.1.3  Ocean–atmosphere coupling

Ocean–atmosphere coupling is accomplished through the 
OASIS3 (Ocean Atmosphere Sea Ice Soil, version 3) coupler 
(Valcke 2006). During the coupling, RegCM4 provides the 
sea surface heat flux and wind stress to LICOM_np, while 
LICOM_np supplies the sea surface temperature (SST) field 
and ocean surface current to RegCM4. The relative motion 
of surface wind and ocean surface current is taken into 
account in the calculation of the sea surface turbulent heat 
flux and wind stresses since some observational and mod-
eling studies have demonstrated the importance of surface 
ocean currents in the estimation of surface wind stress curl 
fields (Chelton et al. 2004; Luo et al. 2005).

2.2  Experimental design

The model domain of RegCM4 is set to the western North 
Pacific region (dashed region of Fig. 1) with a uniform hori-
zontal resolution of 15 km. There are 23 sigma layers in the 
vertical direction, with the model top at 10 hPa. The buffer 
zone of RegCM4 is 20 grid layers. The initial and lateral 
boundary conditions are derived from the European Centre 
for Medium-Range Weather Forecasts (ECMWF) interim 
reanalysis (ERAIM hereafter; Dee et al. 2011) with a hori-
zontal resolution of 0.75° × 0.75°, which is updated every 
6 h.

LICOM_np is a North Pacific Ocean model that covers 
98°E–74.9°W, 10°S–66°N (shaded region of Fig. 1). The 
horizontal resolution of LICOM_np is uniformly 0.1°. There 
are 55 vertical levels, with 36 uneven layers in the upper 
300 m. The depth of the first layer is 5 m. The northern and 
eastern boundaries of LICOM_np are covered by land and 
are set to be rigid. In the southern open boundary (10°S) of 

Fig. 1  Model configuration. The shaded (dashed) region is the 
regional oceanic (atmospheric) model domain. The oceanic and 
atmospheric components are fully interactive over the western North 
Pacific (dashed region), while the ocean model is driven by the 
CORE-II data outside the WNP
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LICOM_np, the model temperature and salinity are restored 
to the climatological monthly temperature and salinity from 
the Levitus data (Levitus et al. 1994), while the solid wall 
boundary condition is used for velocity. Before the region-
ally coupled simulation, the LICOM_np model is forced by 
a 1-year repeating cycle of atmospheric forcing from the 
Coordinated Ocean-Ice Reference Experiment (CORE) 
for 30 years, with the initial condition of temperature and 
salinity from World Ocean Atlas 2005 (WOA05) (Locarnini 
et al. 2006; Antonov et al. 2006). Then, the model is forced 
by interannually varying atmospheric forcing derived from 
CORE phase II from 1990 to 2007. The LICOM_np model 
exhibits a reasonable performance over the western North 
Pacific region. The regional averaged June–July–August 
mean SST bias over the western North Pacific region 
(0–42°N, 105°–165°E) is quite stable (about − 0.2  °C) 
after 1997 (figure not shown). Figure 2 shows the spatial 
distribution of biases of simulated SST by LICOM_np aver-
aged from June to August of 2005 over WNP. Cold biases 
of simulated SST are evident over North of 35°N with the 
largest biases (approximately − 2 °C) found over the Sea 
of Japan (Fig. 2), while the warm biases (approximately 
0.5 °C) occurred over the region east of the Philippines and 
the Kuroshio Extension region.

The regionally coupled simulation begins on 1 Novem-
ber 2004. Over the oceanic area of the western North 
Pacific (WNP) region (dashed area of Fig. 1), RegCM4 
and LICOM_np are fully interactive, with the coupling 
performed once per hour. However, outside of the WNP 
region, the ocean is forced by the daily atmospheric forc-
ing from CORE-II. Therefore, the ocean subsurface within 

the coupling region is forced at the lateral boundaries by 
the surroundings of the rest of the ocean model, since the 
model domain of LICOM_np is larger than that of RegCM4. 
The regionally coupled model is integrated for 1 year, from 
Nov. 2004 through Nov. 2005. This modeling strategy fol-
lows Gao et al. (2016), who investigated the sensitivity of 
the RegCM4 model to different cumulus parameterizations 
over China through 1 year of simulations. In addition, the 
year 2005 is selected because the WNP summer monsoon 
is normal in that year (see Fig. 6 in Wang et al. 2008). In 
the following discussion, the regionally coupled simula-
tions with the MIT-Emanuel scheme, Tiedtke scheme, and 
Kain–Fritsch scheme are referred to as “CPL_EM”, “CPL_
Tie”, and “CPL_KF”, respectively.

2.3  Observational datasets

The following datasets are used to assess the model perfor-
mance: (1) the resolution of the 0.25° satellite-retrieved pre-
cipitation dataset of the Tropical Rainfall Measuring Mission 
(TRMM) 3B42 (Huffman et al. 2007); (2) the daily mean 
circulation field (e.g., u, v, q) derived from ERAIM with 
a 0.75° × 0.75° grid; (3) the daily high resolution (0.25°) 
optimal interpolation sea surface temperature (OISST) data 
from the National Oceanic and Atmospheric Administra-
tion (NOAA) (Reynolds et al. 2007); (4) the surface solar 
and longwave radiation fluxes from Clouds and the Earth’s 
Radiant Energy System (CERES) (Wielicki et al. 1996); (5) 
the sea surface latent and sensible heat fluxes derived from 
the objectively analyzed air–sea heat fluxes (OAFlux) ver-
sion 3 (Yu et al. 2008). For simplicity, the rainfall dataset 
and the reanalysis-derived circulation dataset are referred to 
as “observation” in the following discussion.

3  Results

3.1  SST simulation

Figure 3 shows the observed and simulated SST, averaged 
from June to August of 2005, over the WNP region. The 
observed spatial pattern of SST is well reproduced in three 
regional coupled simulations, with spatial correlation coef-
ficients (SCC) of 0.98, 0.98 and 0.97 for CPL_EM, CPL_
Tie and CPL_KF, respectively. The CPL_EM and CPL_Tie 
simulations have lower root mean square error (RMSE) of 
simulated SST than the CPL_KF simulation, viz. 0.87 °C 
vs. 1.01 °C. Spatially, the cold (warm) biases of simulated 
SST over North of 35°N (Kuroshio Extension region), which 
are seen in the standalone LICOM_np simulation (Fig. 2), 
are also evident in the three regionally coupled simulations. 
The major differences of simulated SST among the three 
regionally coupled simulations are found over the South 

Fig. 2  Spatial distribution of the biases of the simulated SST (°C) by 
LICOM_np averaged from June to August 2005 over the WNP
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China Sea, east of the Philippines, and the subtropical 
region (122°–160°E, 20°–33°N). CPL_KF shows overall 
cold biases over these regions (Fig. 3d), while CPL_EM 
and CPL_Tie exhibit warm biases over east of the Philip-
pines, with further eastward extension in CPL_Tie (Fig. 3c). 
In addition, CPL_EM shows larger cold (warm) biases over 
the subtropical region (southern South China Sea) than 
CPL_Tie.

Figure 4a shows the probability density function (PDF) 
distribution of simulated SST biases over WNP from three 
regionally coupled simulations. Consistent with Fig. 3d, 
a dominant cold bias is found in the CPL_KF simulation 
with a peak around − 0.63 °C. An overall normal mode 
type of distribution is found in both CPL_EM and CPL_Tie 
with a slightly larger frequency of warm bias for CPL_Tie. 

Quantitatively, 48.3% (44.8%) of the model grids have biases 
within ± 0.5 °C in CPL_Tie (CPL_EM), while the percent-
age is 39.5% for CPL_KF. These results demonstrate that 
the regionally coupled simulation with the Tiedtke scheme 
exhibits a comparable performance to the MIT-Emanuel 
scheme in the simulation of SST over WNP in the boreal 
summer, which is better than the simulation with the 
Kain–Frisch scheme.

To understand the reasons for the simulated SST biases, 
the sea surface energy budget for three key regions (shown 
in Fig. 3b) is analyzed. Table 1 shows the regional-averaged 
net solar radiation and longwave radiations fluxes, sensi-
ble and latent heat fluxes at the sea surface, derived from 
observations and regionally coupled simulations. In both 
observation and simulations, the solar radiation flux is the 

(a)

(c) (d)

(b)

Fig. 3  a Spatial distribution of the SST (°C) averaged from June to 
August 2005 over the WNP from the observation. Spatial distribu-
tions of the simulated SST biases from b CPL_EM, c CPL_Tie, 
and d CPL_KF. The boxes (b) illustrate the three subregions: the 

South China Sea (0°–22°N, 105°–120°E), the east of the Philippines 
(0°–20°N,125°–155°E), and the subtropical region (20°–33°N, 122°–
160°E)
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most important component, while the latent heat flux is the 
second. Compared with the observations, the simulation 
with the Tiedtke scheme (CPL_Tie) gives the overall best 
estimation of sea surface heat budget.

It is evident that the cold biases of simulated SST in 
CPL_KF over the three regions are contributed mostly by 
the underestimation of the sea surface net solar radiation 
flux. Compared to CPL_EM, the slightly warmer SST over 
the east of the Philippines in CPL_Tie is associated with the 
larger sea surface net solar radiation flux, while the colder 
SST in CPL_EM over the subtropical region is primarily the 
result of the larger upward latent heat flux and the longwave 
radiation flux.

3.2  Rainfall and circulation simulations

Figure 5 shows the spatial distribution of the precipitation, 
averaged from June to August of 2005, from observation and 
regionally coupled simulations. The observed precipitation 
(Fig. 5a) is characterized by the major rainbands over the 
monsoon trough located over east of the Philippines (Region 
1), the northern South China Sea (Region 2), the region 
extending northeast from southern China to the east of Japan 
(Region 3), and the Mei-yu front region from Yangtze–Huai 
River Valley to the Korean Peninsula (Region 4). The rain-
fall center over the northern South China Sea is reasonably 
reproduced in all three simulations, while those over south-
ern China and the Yangtze–Huai River Valley are underes-
timated in all the simulations. However, the simulated rain-
fall over the monsoon trough varies with different cumulus 

Fig. 4  The probability density 
function (PDF) distributions of 
simulated a SST biases (°C) and 
b rainfall biases (mm/day) over 
the WNP from the three region-
ally coupled simulations

(a)

(b)
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parameterization schemes. Among the three simulations, the 
CPL_Tie simulation reasonably captures the shape and mag-
nitude of the monsoon trough rainfall, while the CPL_EM 
(CPL_KF) simulation tends to underestimate (overestimate) 
the rainfall. This is supported by a higher SCC of 0.62 for 
CPL_Tie, while it is 0.40 (0.52) for CPL_EM (CPL_KF). 
The deficiency of the CPL_Tie simulation is it exhibits less 
small-scale features than the other simulations.

The PDFs of JJA-mean rainfall biases over WNP are 
shown in Fig. 4b. Normal model type distributions of biases 
are evident for all three simulations, but the percentages of 
the model grids with rainfall biases of approximately zero 
in the CPL_KF simulation are much lower than those in 
the CPL_EM and CPL_Tie simulations. Quantitatively, 
51.9% (48.2%) of the model grids have rainfall biases 
within ± 2 mm/day in CPL_Tie (CPL_EM), while the per-
centage is 38.4% for the CPL_KF simulation. These results 
highlight the improved performance of the summer rainfall 
simulation over WNP with the Tiedtke scheme than those 
with the MIT-Emanuel and Kain–Fritsch schemes in our 
regionally coupled simulations.

Figure 6 compares the performances of the models in the 
simulation of geopotential height at 500 hPa and low-level 
wind at 850 hPa averaged from June to August of 2005. 
In the observation (Fig.  6a), the western North Pacific 

Table 1  Observed and simulated net solar radiation (SD), longwave 
radiation (LW) sensible heat (SH) and latent heat (LH) fluxes at the 
sea surface averaged from June to August 2005 for the three regions 
shown in Fig. 3b

The observed radiation fluxes (turbulence fluxes) are from CERES 
(OAFlux) data. Units: W/m2

Observation CPL_EM CPL_Tie CPL_KF

1. South China Sea
 SD 203.7 198.5 197.0 152.0
 LW 45.7 44.7 43.4 32.4
 SH 6.1 2.1 8.3 − 2.6
 LH 108.4 126.1 113.0 84.0

2. East of the Philippines
 SD 210.6 188.1 197.2 122.7
 LW 48.7 42.4 43.3 26.5
 SH 8.7 4.5 13.5 − 2.1
 LH 113.7 108.7 105.7 88.8

3. Subtropical region
 SD 241.7 230.6 232.4 205.0
 LW 45.8 48.4 44.7 41.1
 SH 1.1 0.4 6.5 − 0.8
 LH 85.8 91.7 88.5 73.3

Fig. 5  Spatial distributions of 
precipitation (mm/day) aver-
aged from June to August 2005 
over the WNP derived from 
a observation, b CPL_EM, c 
CPL_Tie, and d CPL_KF. The 
four regions (numbers 1–4) 
in a illustrate the locations of 
the observed major rainband/
centers

(a) (b)

(c) (d)
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subtropical high (WNPSH) is the major system over WNP. 
The low-level westerly wind associated with the Indian sum-
mer monsoon, the cross-equatorial flow passing across the 
Maritime Continent, and the low-level southeasterly associ-
ated with the WNPSH converge over east of the Philippines. 
The general pattern of the WNPSH and the associated low-
level wind is captured by each simulation, although some 
differences are still found. The simulated WNPSH is weaker 
and shifts eastward compared with the observation. How-
ever, among the three simulations, the western ridge of the 
WNPSH that was simulated by CPL_Tie most resembles the 
observation (Fig. 6c). Another major deficiency of CPL_KF 
is that the simulated low-level westerly wind associated with 
the Indian summer monsoon extends too far eastward to the 
Philippine Sea, which favors the eastward shift of the mon-
soon trough (Fig. 5d).

To quantitatively evaluate the models’ performances, 
Fig. 7 shows the Taylor diagram illustrating the relative 
mean squared difference and the SCC between the simu-
lations and the observations for SST, rainfall and circula-
tion fields. It is well known that the model tends to better 
reproduce the large scale variables (SST and circulation 
fields) than regional scale variables (such as rainfall). The 
CPL_Tie simulation better captures the spatial pattern of 

Fig. 6  Spatial distributions 
of the geopotential height at 
500 hPa (contour, gpm), the 
low-level wind at 850 hPa (vec-
tor, m/s) and the correspond-
ing wind speed (shading, m/s) 
averaged from June to August 
2005 over the WNP derived 
from a observation, b CPL_EM, 
c CPL_Tie, and d CPL_KF

(a) (b)

(c) (d)

Fig. 7  Taylor diagram evaluating simulations of the SST, precipita-
tion (Pr), geopotential height at 500  hPa (H500), horizontal (U850) 
and meridional (V850) winds at 850 hPa over the WNP. The angular 
coordinate is the correlation coefficients between model results and 
the observations. The radial coordinate is the standard deviation of 
model results divided by the standard deviation of the observations
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those essential climate variables over WNP than the other 
two simulations as evidenced by the higher SCCs (Fig. 7). 
The distance between each variable and the reference point 
marked “REF” on the horizontal axis measures the RMSE, 
which can be used to quantify how closely the simulation 
matches the observation. In terms of RMSE, although no 
significant difference is found for some variables (SST and 
geopotential height at 500 hPa) among the three simula-
tions, it is evident that the CPL_Tie simulation exhibits the 
smallest RMSE for rainfall that may be the most important 
variable for this region.

The WNPSH is a major circulation system that gov-
erns the time evolution of rainfall over this region (Tao 
and Chen 1987). Figure 8 shows the time–latitude cross 
section of the rainfall and the 5860 gpm, which is used 
to roughly represent the position of WNPSH averaged 
between 110°E and 130°E from May 1 to August 31, 2005. 
A 5-day running average was applied to the geopotential 
height for both observation and simulations. In the obser-
vation (Fig. 8a), the rainband propagates northward from 
approximately 15°N in early June to approximately 35°N 
in early July and then retreats southward to approximately 
13°N in later July, thereafter remaining quasi-stationary 
until mid-August. This propagation of the rainband closely 
follows the movement of the WNPSH. The propagation of 
the rainband simulated by CPL_Tie is comparable to that 
simulated by CPL_EM as evidenced by the SCC of 0.39 
vs. 0.37, while it is better than that simulated by CPL_KF, 

with a SCC of 0.20. The northward movement of the rain-
band is reasonably reproduced by both the CPL_EM and 
CPL_Tie simulations (Fig. 8b, c); however, it is too weak 
in the CPL_KF simulation and does not jump as far north 
as it does in the observation (Fig. 8d).

3.3  Moisture flux

Water vapor transport is one of the most important compo-
nents of the western North summer monsoon system, which 
plays a crucial role in determining the major rainband. The 
vertically integrated moisture flux convergence is defined as 
−

⟨

∇ ⋅

(

V⃗q

)⟩

 , where V⃗  and q are wind vectors and specific 
humidity, respectively. The triangle parenthesis indicates a 
vertical integration from the surface to the tropopause. ∇ is 
the gradient operator. The total vertically integrated moisture 
flux convergence can be decomposed into two terms, as 
shown below:

The right-hand terms of Eq. (1) denote vertical moisture 
advection including the horizontal moisture convergence, 
and horizontal moisture advection, respectively.

Figure 9 shows the observed and simulated vertically 
integrated moisture flux convergence, vertical moisture 
advection, and horizontal moisture advection along with the 

(1)−

⟨

∇ ⋅

(

V⃗q

)⟩

= −
⟨

𝜔𝜕pq
⟩

−
⟨

u𝜕xq + v𝜕yq
⟩

(b)(a)

(c) (d)

Fig. 8  The time–latitude cross sections of the rainfall (shading, 
mm/day) and the 5860 gpm (contour) averaged between 110°E and 
130°E from May 1 to August 31, 2005 derived from a observation, b 

CPL_EM, c CPL_Tie, and d CPL_KF. A 5-day running average was 
applied to the geopotential height from both observation and simula-
tions
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precipitation averaged over four major rain bands (shown in 
Fig. 5a). In the observation, the vertically integrated mois-
ture flux convergence contributes approximately 53% of 
the rainfall formation. The vertical moisture advection is 
the dominant term due to the weak horizontal gradient of 
moisture in the tropics. The horizontal moisture advection 
contributes negatively to the rainfall formation except over 
the Meiyu front region (Fig. 9d). The contribution by the 
horizontal moisture advection is well captured by all the 
simulations; however, all the simulations overestimate the 
percentages of the contribution of the moisture flux conver-
gence to the simulated rainfall. In Region 1 and Region 3, 
the simulated rainfall biases are generally in line with the 
biases of vertical moisture advection; that is, the simulation 
that underestimates (overestimates) the vertical moisture 
advection tends to have dry (wet) biases. However, this rela-
tionship is not true for Regions 2 and 4, implying that sur-
face evaporation may also contribute to the rainfall biases.

4  Discussion

One of the major differences among the three regionally cou-
pled simulations is the simulated rainfall over the monsoon 
trough. Only the simulation with the Tiedtke scheme well 
captures the shape and magnitude of the rainband, while 

that with the MIT-Emanuel (Kain–Fritsch) scheme tends to 
underestimate (overestimate) the rainfall there. In this sec-
tion, we will explore the underlying reasons.

The cumulus parameterization has significant impacts 
on the diabatic heating profile of the model (Yanai et al. 
1973). Here, we calculate the atmospheric apparent heat 
source  (Q1) and apparent moisture sink  (Q2) according to 
Yanai et al. (1973):

where cp is the specific heat at constant pressure, T is the 
temperature, � is the vertical p velocity, R is the gas con-
stant, V is the horizontal velocity vector, L is the latent heat 
of condensation, and q is the specific humidity.  Q1 repre-
sents the total diabatic heating, while  Q2 represents the latent 
heating associated with the condensation or evaporation 
processes.

Figure 10 shows the vertical profile of  Q1 and  Q2 fields 
averaged over the monsoon trough (Region 1 in Fig. 5a) 
for the summer mean of 2005. In the observation, the ver-
tical profile of  Q2 shows a maximum rate on the order 

(2)Q1 = cp
�T

�t
− cp

(

�
RT

cpp
− �

�T

�p
− V ⋅ ∇T

)

,

(3)Q2 = −L
�q

�t
− LV ⋅ ∇q − L�

�q

�p

(a) (b)

(c) (d)

Fig. 9  The vertically integrated moisture flux convergence 
( −
⟨

∇ ⋅

(

V⃗q

)⟩

, mm∕day ), vertical moisture advection ( −
⟨

��pq
⟩

,

mm∕day ), horizontal moisture advection ( −
⟨

u�xq + v�yq
⟩

, mm∕day ) 

and precipitation (mm/day) averaged over a Region 1, b Region 2, c 
Region 3, and d Region 4. The four regions are shown as boxes in 
Fig. 5a
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of 3  K/day at approximately 400–500  hPa (Fig.  10a). 
Although all of the simulated  Q2 fields exhibit a peak at 
approximately 700 hPa, a second peak is found at approxi-
mately 400 hPa in the CPL_Tie simulation. More signifi-
cantly, the vertically integrated  Q2 simulated by CPL_Tie 
is comparable to observation, while that simulated by the 
CPL_EM (CPL_KF) is nearly half (double) the observed 
counterpart.

The observed total diabatic heating  Q1 (Fig. 10b) has a 
similar vertical distribution to  Q2, but with an enhanced peak 
at approximately 500 hPa. Again, the vertical distribution 
of the observed  Q1 is reasonably simulated by the CPL_Tie 
simulation, despite slightly larger amplitude in the middle 

and lower troposphere. As with the simulated  Q2, the  Q1 
simulated by CPL_EM is much weaker than the observation. 
Although the amplitude of the simulated  Q1 in CPL_KF is 
reduced compared to the simulated  Q2, the simulated dia-
batic heating rate is still double the observed in the lower 
troposphere.

The diabatic heating and the vertical motion are closely 
related. Figure 11 shows the longitude–height cross sec-
tions of observed and simulated vertical p velocity, aver-
aged between 2°N and 18°N for the summer mean of 2005. 
Followed by the too weak diabatic heating simulated by 
CPL_EM (Fig. 10b), the simulated ascending motion over 
the monsoon trough (from 125°E to 150°E) is much weaker 
than the observation (Fig. 11b), which results in the under-
estimation of the vertical moisture advection (Fig. 9b). 
In contrast, accompanied by the much stronger-than-the 
observed diabatic heating, the simulated ascending motion 
by CPL_KF is significantly overestimated, especially in the 
lower troposphere, and extends farther eastward, which leads 
to a much stronger vertical moisture advection (Fig. 9d). The 
vertical distribution and the magnitude of vertical motion are 
reasonably reproduced in the CPL_Tie simulation but with a 
slight overestimation (Fig. 11c), which is associated with the 
relatively well-simulated diabatic heating profile.

Figure 12 further shows the vertical profiles from the 
simulations of the regional averaged cloud liquid water 
path and cloud fractional cover over the monsoon trough 
for the summer mean of 2005. A direct comparison with the 
observation is not available since the cloud simulator has 
not been introduced in the RegCM4 used in this study. As 
expected, the cloud liquid water path and cloud fractional 
cover simulated by CPL_KF are much larger than for the 
other two simulations in the middle and lower troposphere, 
which is associated with the overestimated convective con-
densation (Fig. 10a). This causes the large reduction in the 
solar radiation that reaches the sea surface, which favors the 
cold biases of SST there (Fig. 3d). However, compared to 
those simulated by CPL_Tie, less (more) cloud liquid water 
path and cloud fractional cover are simulated by CPL_EM 
in the lower (upper) troposphere. This may explain the com-
parable simulated sea surface solar radiation flux and the 
resulting SST biases in the CPL_EM and CPL_Tie simula-
tions (Fig. 3).

To further discuss the behavior of different cumulus 
schemes, Fig. 13 shows the scatter plots of the regional 
averaged convective available potential energy (CAPE) 
and the precipitation over the monsoon trough from June 
1 to August 31 of 2005. Over the monsoon trough, the pre-
cipitation and CAPE are negatively correlated (Fig. 13a), 
with a correlation of − 0.42. Since the CAPE strongly 
depends on the boundary layer equivalent potential tem-
perature, which is mainly affected by the surface heat and 
moisture fluxes (Zhang 2003), this negative correlation 

(a)

(b)

Fig. 10  The vertical profiles of the apparent moisture sink  (Q2/
CP,  °C/day) and heat source  (Q1/CP,  °C/day) fields averaged over the 
monsoon trough (Region 1 in Fig. 5a) for the summer mean of 2005 
and derived from observation and simulations
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suggests that the precipitation/convection over the mon-
soon trough is more closely tied to the tropospheric large-
scale forcing rather than the boundary layer forcing. In 
CPL_EM, however, the CAPE is positively correlated 
with the precipitation (Fig. 13b), because the convection 
in the MIT-Emanuel cumulus scheme is mainly driven by 
the buoyancy and does not take into account the effects 
of the large-scale environment (Chow et al. 2006). This 
negative correlation is partly reproduced in both CPL_Tie 
(Fig. 13c) and CPL_KF (Fig. 13d) with improved perfor-
mance in CPL_Tie (Fig. 13c), possibly because some large 
scale forcings, i.e., large-scale moist convergent flow in 
the Tiedtke scheme or grid scale vertical motion in the 
Kain–Fritsch scheme have been taken into account.

The simulated precipitation over the monsoon trough 
in CPL_KF exhibits too strong a response to the low-level 
vertical velocity. Figure 14 shows the scatter plots of the 
regional averaged low-level vertical velocity at 925 hPa 
and the precipitation over the monsoon trough from June 
1 to August 31 of 2005. In the observation, the precipita-
tion over the monsoon trough is positively correlated with 
the vertical velocity at 925 hPa, with a correlation of 0.65 
(Fig. 14a). This relationship is reasonably simulated by the 

CPL_EM and CPL_Tie; however, this correlation is much 
higher in CPL_KF (0.96; Fig. 14d).

In summary, the better performance over the monsoon 
trough in CPL_Tie could be attributed to at least three 
factors: (1) the improved simulated vertical profile of dia-
batic heating; (2) the inclusion of the effects of large-scale 
forcing in the cumulus parameterization; and (3) the rea-
sonable simulated relationship with the low-level vertical 
velocity.

5  Summary and concluding remarks

5.1  Summary

In this study, we developed a high-resolution regional 
ocean–atmosphere coupled model based on RegCM4 and 
a North Pacific Ocean model. The horizontal resolution of 
the atmospheric component was set to 15 km, while that of 
the oceanic component was 0.1°. This regionally coupled 
model was applied to the western North Pacific region for a 
1-year simulation from Nov. 2004 through Nov. 2005. The 
sensitivity of the regional ocean–atmosphere coupled model 
to three cumulus parameterization schemes (MIT-Emanuel, 

(a) (b)

(c) (d)

Fig. 11  The longitude–height cross sections of vertical p velocity (100 hPa/s) averaged between 2°N and 18°N for the summer mean of 2005 
derived from a observation, b CPL_EM, c CPL_Tie, and d CPL_KF
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Tiedtke, Kain–Fritsch) was investigated with a focus on 
the western North Pacific summer monsoon. The underly-
ing mechanisms were also discussed. The major results are 
summarized below.

1. The spatial pattern of the observed SST in the boreal 
summer of 2005 is reasonably captured by each simula-
tion; however, overall cold biases are found in the CPL_
KF scheme followed by the significant underestimation 
of sea surface solar radiation flux. Nearly 50% of the 

model grids have biases within ± 0.5 °C in CPL_EM and 
CPL_Tie, while the percentage is approximately 40% in 
CPL_KF.

2. The general pattern of the western North Pacific sub-
tropical high (WNPSH) and the associated low-level 
wind is captured by each simulation; however, the 
western ridge of the WNPSH simulated by CPL_Tie 
most closely resembles the observation. For the sum-
mer mean precipitation, 51.9% (48.2%) of the model 
grids have rainfall biases within ± 2 mm/day in CPL_Tie 
(CPL_EM), while the percentage is 38.4% for CPL_KF. 
In particular, the spatial pattern of the observed precipi-
tation is well captured by CPL_Tie, especially over the 
monsoon trough, while CPL_EM (CPL_KF) tends to 
underestimate (overestimate) the rainfall over the mon-
soon trough. The propagation of the simulated rainband 
and the associated WNPSH is also well captured by 
CPL_Tie.

3. The vertical profiles of the apparent heat source and 
moisture sink over the monsoon trough simulated by 
CPL_Tie are comparable to those of the observation, 
while those simulated by CPL_EM (CPL_KF) are nearly 
half (double) of those observed, especially over the 
lower troposphere. The too weak (strong) diabatic heat-
ing simulated by CPL_EM (CPL_KF) favors a weaker 
(stronger) ascending motion and then leads to the under-
estimation (overestimation) of vertical moisture advec-
tion over the monsoon trough.

4. The precipitation/convection over the monsoon trough 
is more closely tied to the tropospheric large-scale forc-
ing than the boundary layer forcing. The deficiencies of 
CPL_EM over the monsoon trough are partly because 
the convection in the MIT-Emanuel cumulus scheme 
is mainly driven by the buoyancy and does not take 
into account the effects of the large-scale environment, 
whereas the deficiency of CPL_KF may be attributed to 
the too strong response of precipitation to the low-level 
vertical velocity.

5.2  Concluding remarks

The current conclusions are based on the case study of 
the year 2005, when the WNPSM is normal. To examine 
whether the conclusions are case-dependent, we have con-
ducted another case simulations for the year 2004. The 
summer of 2004 is an extreme case with a strong WNPSM 
(Wang et al. 2008). Similar to the case of 2005, the region-
ally coupled simulation with the Tiedtke scheme exhib-
its relatively better performances over this region for the 
case of 2004 in terms of the SST and precipitation (figures 
not shown). The performance of the developed regional 

(a)

(b)

Fig. 12  Vertical profiles of the regional averaged a cloud liquid water 
path (g/m2) and b cloud fractional cover over the monsoon trough for 
the summer mean of 2005 from the simulations
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ocean–atmosphere coupled model in the simulation of the 
interannual variability of East Asian-western North Pacific 
monsoon deserves further study.

In addition, the sensitivity to the cumulus parameteriza-
tion schemes may be altered for a different horizontal resolu-
tion, since the three cumulus parameterization schemes used 
in this study are not scale-awareness schemes. The simula-
tion with the Tiedtke scheme also exhibits some biases, i.e., 
lacks of small-scale features in precipitation, overestimation 
of convective percentages (figure not shown). It is noticed 

that some parameters such as the parameters related to the 
entrainment/detrainment rates in the Tiedtke scheme are 
tunable. Li et al. (2007) tuned the Tiedtke scheme for an 
atmospheric general circulation model. They increased the 
entrainment–detrainment coefficient for shallow convection 
and penetrative convection, introduced a relative humidity 
trigger and reduced the autoconversion parameter. Then, 
the simulated convective rainfall was reduced in the tropics. 
Therefore, the performance of the regional coupled model 
may be better by calibrating the key physical parameters and 
warrants further investigation.

(a)

(a) (b)

(c) (d)

Fig. 13  Scatter plots of the regional averaged convective available 
potential energy (CAPE, J/kg) and the precipitation (mm/day) over 
the monsoon trough from June 1 to August 31 2005 from a observa-

tion, b CPL_EM, c CPL_Tie, and d CPL_KF. The correlation coef-
ficients are shown at the top-right corner of each plot
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