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1. INTRODUCTION

The climate over East Asia (EA) is strongly domi-
nated by the monsoon system, driven by the sea-
sonal wind reversal, primarily due to the continent−
maritime thermal contrast (Kang et al. 2005). Typically,
the monsoon rain commences over the Indo china
Peninsula during the period from early May to mid-
May, extends abruptly to eastern China and southern
Japan, and finally penetrates into northern China, Ko-
rea, and portions of Japan. As the wind blows across

the warm and wet ocean, it collects moisture and re-
leases it as precipitation on land during the monsoon
period, significantly affecting the local hydrological
cycle and  radiation budget, resulting in the Meiyu
rain belt in EA. The monsoon climate, especially the
EA monsoon, is one of the most studied atmospheric
pheno mena, and many investigations have used
global or regional models focusing on this issue, in-
cluding characteristics of the summer monsoon (Ding
& Chan 2005, Gao et al. 2012), and the responses of
the monsoon climate to the global climate change (Fu
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tended to overestimate the water mixing ratio, leading to a wetter climate than the observations.
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model, and that the model performance can be significantly improved by increasing the model
resolution.
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et al. 2005, Chen et al. 2012). Over recent de cades, a
number of investigations have been conducted to
study the Asian monsoon features using various cli-
mate models, including gen eral circulation models
and regional climate models (RCMs) (He et al. 2007).

As indicated by Gao et al. (2012), predictions of
pre cipitation changes using the current global mod-
els present some uncertainties. Yang et al. (2012)
found that model performance is sensitive to convec-
tion processes. In addition, the mechanisms for con-
vective initiation of the Madden−Julian oscilla tion are
currently poorly understood (Ling et al. 2013). Cloud
feedback, especially for convection clouds, is consid-
ered a major source of uncertainty in model predic-
tions (Stephens 2005). General circulation mo dels
and numerical weather prediction models represent
the most complete description of all of the inter -
actions among the processes that presumably estab lish
the primary cloud feedbacks, whereas the disadvan-
tage in using these models is the cloud parameteri -
zation. Certain aspects of these parameterizations
cause concern because they contain levels of empiri-
cism and assumptions that are difficult to evaluate
with current global observations (Stephens 2005).
Therefore, the susceptibility tests of the parameteri-
zations of convective clouds and the evaluation of
this type of model against en vironmental observa-
tions for different regions will  contribute to the
improved performance of the current models, and
advance our understanding of the  convection pro-
cess. Typically, the scales of the deep  convective
 systems are smaller than the horizontal resolutions
of the RCMs; therefore, convection parameterization
schemes (CPSs) must be introduced into the models
to represent deep convective processes. According to
previous studies (e.g. Giorgi & Shields 1999), the CPS
in climate models is one of the most sensitive and
foremost physical processes. Once a cumulus cloud is
generated by forcing and controlled by large-scale
circulation (LSC), it has feedback effects on LSC
through the transportation of sensible and  latent
heat, and through the momentum between the cloud
and the LSC, and this feedback mechanism plays
a key role in determining the vertical structures of
humidity and temperature. Therefore, an accurate
representation of the hydrological cycle depends to
a significant extent on the CPSs in the model. CPSs
are developed from limited observations or imperfect
theories based on empirical approaches; therefore,
the ability of a scheme is limited when it handles
complex and polytropic convection processes. This
limitation is thus an important factor that causes
uncertainties in numerical simulations.

Susceptibility tests of the CPS in the RegCM have
been conducted over various regions (Giorgi &
Shields 1999, Im et al. 2008, Zanis et al. 2009), but
most of these tests have focused on the gross im -
pressions of the simulation results. Few studies have
focused on the CPS effects on precipitation during
the monsoon season in EA, especially for precipita-
tion in certain areas, such as the Pearl River Delta
and the mid- and lower reaches of the Yangtze River,
which are the major regions suffering from heavy
precipitation and flooding. RegCM version 4 was re -
cently released, and its basic performance has been
examined (Giorgi & Anyah 2012, Giorgi et al. 2012).
In the new model version, additional CPSs are
 provided, and a major augmentation in RegCM4
compared with previous versions of the model is its
capability to run different convection schemes sim -
ultaneously over the land and ocean. It has been
 suggested that sensitivity experiments must be con-
ducted to achieve the best performance for individ-
ual applications (Elguindi et al. 2011). As indicated
by Giorgi et al. (2012), the mixed schemes appear to
show an improvement in skill. However, the per-
formances of all of the CPSs in RegCM4 have not
been thoroughly tested to date, especially in the
EA monsoon region. In this study, we evaluated the
relative performances of the CPSs over this region. 

2.  BRIEF DESCRIPTION OF THE MODEL AND
THE EXPERIMENT

2.1.  The model

We used RegCM4, developed by the International
Centre for Theoretical Physics (ICTP). The model
was originally developed at the National Center for
Atmospheric Research (Dickinson et al. 1989, Giorgi
1990, Giorgi et al. 1993a,b) and has been updated to
new versions at the ICTP (Pal et al. 2007). The per-
formances of the RegCM to simulate the climate of
different regions, including the EA monsoon region,
have been examined (Giorgi 2006, Huang et al. 2011).
There are many studies of regional climate and sea-
sonal predictability worldwide using the RegCM
(e.g. Qian et al. 2003, Giorgi 2006). The Community
Land Model has been coupled into the new version of
the RegCM. Detailed descriptions of the model phys-
ical processes can be found in related references.
RegCM4 provides the following 3 CPSs: the modi-
fied-Kuo scheme (Anthes 1977), the Grell scheme
(Grell 1993) with 2 closure schemes, and the MIT
scheme (Emanuel & Živkovi -Rothman 1999). Com-
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pared with the previous versions, no new CPSs are
introduced into the new version of the model, but the
new model provides a more flexible combination of
the pre-existing CPSs. Considering the differences in
the physical properties between the land and the
ocean, such as underlying surface and moisture, the
model provides different schemes over the land and
ocean to attain the best representation of the con -
vection processes. The Grell scheme and the MIT
scheme can be used together in the following 2
forms: the Grell scheme over land and the MIT
scheme over the ocean, or vice versa. Additional ex -
periments with different cumulus convection schemes
are required to determine the best configuration of
the model.

The convective activity in the Kuo scheme is initi-
ated when the moisture convergence in a column
exceeds a given threshold and the vertical sounding
is convectively unstable. A fraction of the moisture
convergence moistens the column, and the remain-
der is converted into rainfall according to the auto-
conversion equation. The Grell scheme is a con -
vective mass flux scheme with the Fritsch-Chappell
(FC) type closure (Fritsch & Chappell 1980) or the
Arakawa-Schubert (AS) type closure (Arakawa &
Schubert 1974). The dynamics determine the modu-
lation of the convection by the environment. The
feedback of the convection modifies the environment
and distributes the total integrated heating and mois-
ture in the vertical direction. The Grell scheme is an
entraining plume model that considers clouds to be 2
steady-state circulations: an updraft and a down-
draft. There is no mixing between the cloudy air and
the environmental air except at the cloud top and the
cloud base. Thus, the height of the convective mass
fluxes is constant, and no entrainment or detrainment
occurs along the cloud edges. In the AS-type closure,
the total available buoyant energy is assumed to be
a quasi-equilibrium constant and is immediately re -
leased at each time step. The FC-type closure is
based on the assumption that the buoyant energy
that is available to a parcel in combination with a
prescribed period of time for the convection to re -
move that energy can be used to regulate the amount
of convection in a mesoscale numerical model grid
element (Fritsch & Chappell 1980). Therefore, the
buoyant energy in the FC-type closure is released
with a time scale typically on the order of 30 min. The
MIT scheme was improved by Emanuel & Živković-
Rothman (1999). The MIT scheme is based on the
buoyancy-sorting hypothesis of Raymond & Blyth
(1986), which is consistent with observations of the
ability of the undiluted sub-cloud layer in the air to

penetrate to neutral buoyancy and the fact that the
mass of a convective cloud is composed mostly of
entrained air. The Raymond-Blyth hypothesis also
assumes that the mixing in clouds is highly episodic
and inhomogeneous rather than continuous, as in the
entraining plume model. Air that is mixed into a
cloud from the environment is assumed to form a
spectrum of mixtures of different mixing fractions,
which then ascend or descend to their respective
 levels of neutral buoyancy. Convection is triggered
when the level of neutral buoyancy is higher than the
cloud-base level. Between these 2 levels, air is lifted,
and a fraction of the condensed moisture forms pre-
cipitation while the remaining fraction forms a cloud.

2.2.  Design of the experiments

Three full-year simulations of RegCM4 were per-
formed for the period from November 1997 to De -
cem ber 2000 with a time-step of 120 s, forced by the
2.5° × 2.5° ERA40 reanalysis dataset (Uppala et al.
2005), with the first 2 mo treated as a spin-up time.
Therefore, 3 full annual cycles are included in our
analysis. An EA domain that embodies the Chinese
mainland with a grid resolution of 60 × 60 km was
selected to dynamically downscale the ERA40 re -
analysis data (Fig. 1). The model was also run with a
higher resolution (20 km) and a smaller region for a
shorter period (May to August 1998) using the same
model configurations. The model top was set as
50 hPa, and the sea surface temperature was deter-
mined by the NOAA Optimum Interpolation Sea Sur-
face Temperature V2 (Rey nolds et al. 2002). A relax-
ation scheme was selected using the exponential
technique boundary condition. The Holtslag Bound-
ary layer scheme (Holtslag et al. 1990) and the Zeng
Ocean Flux scheme (Zeng et al. 1998) were invoked
in the model. The BATS1e (Dickinson et al. 1993) was
used as the land surface model in the experiments.
All of the experiments shared the same configura-
tion, except for the CPS.

Based on the exhaustion method, 8 different experi -
ments were performed; all but the convective scheme
shared the same model configuration (Table 1). Sev-
eral new climate datasets of EA have been released
in recent years (e.g. Xie et al. 2007, Yatagai et al.
2012). In this study, a CN05 dataset was employed to
evaluate the performances of the model simulations.
As reported by Wu & Gao (2013), the CN05 dataset
is constructed based on the interpolation of station
observations in China. The ‘anomaly approach’ was
applied in the interpolation. A gridded climatology is
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first calculated based on approximately 2400 station
observations, and a gridded daily anomaly based on
approximately 750 station observations is added to
the climatology to obtain the final dataset. The CN05
dataset is composed of 2 variables (the daily mean
precipitation and temperatures) for the period 1961−
2010 with a spatial resolution of 0.5° × 0.5°. Wu &
Gao (2013) compared several datasets (CN5.1, CN5.0,
and Asian Precipitation-Highly-Resolved Observa-

tional data [APHRO]) and found that different datasets
showed few discrepancies over East China, espe-
cially for the temperature values. In this study, the
temperature of the APHRO dataset of 0.25°C (Yata-
gai et al. 2012) was selected as an auxiliary dataset
to assess the model because the CN05 dataset does
not in clude all of the EA regions.

3.  RESULTS

3.1.  Temperature and precipitation over EA

Temperature and precipitation are basic climatic
features, and are the most commonly studied quanti-
ties. In this section, observation datasets were used to
evaluate the model performance. As shown in Fig. 1,
EA includes China and the surrounding areas.
The temperature dataset of CN05, which was down-
loaded from www.climatechange-data.cn/, does not
include the area surrounding China, and the bias
of the temperature between the APHRO and CN05
datasets is relatively small according to the study by
Wu & Gao (2013). Therefore, the temperature of the
APHRO is used in Fig. 2a. Fig. 2 shows the seasonal
variations of the 3 yr mean monthly temperature at
2 m and the precipitation over EA (land only). The 8
experiments present a similar seasonal temperature
trend over EA with a maximum in July, which agrees
with the observations. The Kuo scheme shows a bet-
ter performance for temperature from February to
May, whereas the other experiments show a cold bias
during this period. The temperature evolutions simu-
lated by the other 7 CPSs (except the Kuo scheme)
are nearly the same in the spring (MAM) and autumn
(SON) but show distinct diversities in the summer
(JJA). The other 7 CPSs present nearly the same bias
compared with the observation throughout the year,
except for the summer. Generally, the new model
version shows a cold bias in the spring and good per-
formance in the autumn in this region.

The simulated and observed seasonal variations of
precipitation are shown in Fig. 2b. The model shows
a wet bias over EA, and the bias among the CPSs is
more obvious than that for temperature. The long
error bars clearly reveal that the precipitation pres-
ents remarkable variability. The model proficiently
reproduces the seasonal variation and the cold sea-
son precipitation, but a wet bias in the summer is evi-
dent, which is similar to the performance of the
Canadian Regional Climate Model (Plummer et al.
2006). The model does not reproduce particularly
well the mesoscale and convective-scale systems,
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Fig. 1. Topography (m) of the domain with a grid resolution
of 60 × 60 km. The emphasis on the analysis of the model
 results is given in 1 large region (East Asia, EA) and the
 following 4 sub-regions: the Pearl River Delta (PRD), the mid
and lower reaches of the Yangtze River (MLYR), the north
plain of China (NPC), and the northeast of China (NEC), 

which are marked with black boxes

Experiment     Description

Kuo                  Kuo scheme over the entire domain

Grell-AS          Grell scheme with the Arakawa-Schubert
(AS) closure over the entire domain

Grell-FC          Same as the Grell-AS but with the Fritsch-
Chappell (FC) closure over the entire
domain

MIT                  MIT scheme over the entire domain

MIT(L)-AS       MIT scheme over land and the Grell
scheme with the AS closure over the ocean

MIT(L)-FC       Same as MIT(L)-AS but with the FC
closure over the ocean

MIT(O)-AS      Same as MIT(L)-AS but using the MIT
scheme over the ocean

MIT(O)-FC      Same as MIT(O)-AS but with the FC
closure over land

Table 1. List of the experiments. Additional details are given 
in Section 2 of the main text
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which control the climate in the summer (Liang et al.
2004). The Kuo scheme generally provides poorer
precipitation than the other available parameteriza-
tions, which agrees with previous studies (e.g. Giorgi
et al. 2012). The 2 Grell schemes present a similar
seasonal variation with a distinct difference in the
summer. The FC-type closure produces more rainfall
than does the AS-type closure in the warm and wet
season. The FC-type closure allows the available
buoyant energy to be released with a time scale
rather than releasing immediately (i.e. the AS-type
closure), which is responsible for the differences in
precipitation. A longer releasing time for the avail-
able buoyant energy could heat the atmosphere
longer and promote convective clouds, thus leading
to more rainfall, which suggests that the releasing
time scale of the available buoyant energy is a sensi-
tive parameter in EA. Fig. 2 shows the simulation
results of land only, but there is a significant differ-
ence between the experiments with mixed and single
schemes, although they share the same scheme over
land, such as MIT and MIT(L)-AS/FC, because of the
strong interactions and exchange between the ocean
and land over this region, especially during the sum-
mer monsoon period.

The mean yearly temperature and precipitation are
shown in Table 2. All of the experiments show a cold
and wet bias except for the Kuo scheme. The MIT
scheme presents a better performance than do the
other single schemes, as occurs for the RegCM3 (Im et
al. 2008, Zanis et al. 2009). The mixed experiments
produce a temperature between the single schemes
involved, which agrees with the developers’ expecta-
tion (Elguindi et al. 2011). As indicated by Giorgi et al.
(2012), the MIT scheme tends to produce ex cessive
precipitation over land areas, whereas dryer results
are expected when the MIT scheme is in voked in the
mixed schemes, which is shown in the experiments
except for MIT(O)-AS, as shown in Fig. 2 and Table 2.

The CPSs can directly affect the performance of
the precipitation simulation, and introduce signifi-

cant differences in the precipitation, as shown in
Table 2. Using the 2 types of closures in the Grell
scheme causes more differences in rainfall in mixed
schemes than does using the Grell schemes alone. As
reported in previous studies, the previous versions of
the RegCM show systematic cold biases over south-
eastern China (particularly in the winter season) a
warm bias over the northernmost areas of the Asian
continent, and an overestimation of the precipitation
in EA (Gao et al. 2001). The new model version
retains the same systematic biases in winter. The
mixed schemes do not show improvements over the
single schemes (Fig. 2). In contrast, the simulation
results of the summer monsoon show good agree-
ment with the observations.

Fig. 3 shows the bias of the mean temperature in
summer (JJA) from the CN05 gridded dataset. The
Kuo scheme exaggerates the warm climate, espe -
cially in the high latitudes (higher than 40° N) in the
summer, whereas the other experiments eliminate
the warm bias and present better performance at
high latitudes, especially in the eastern part of the
high latitude areas. Two Grell schemes show a cold
bias over most of the domain in the summer. The MIT

Experiment/ Temperature Precipitation 
observation (°C) (mm d–1)

Kuo 8.3 ± 2.08 2.4 ± 2.23
MIT 7.4 ± 2.14 3.5 ± 2.98
Grell-AS 6.6 ± 2.09 2.5 ± 2.68
Grell-FC 6.7 ± 2.13 2.7 ± 2.76
MIT(O)-AS 7.4 ± 2.14 3.6 ± 2.95
MIT(O)-FC 7.4 ± 2.16 3.0 ± 2.72
MIT(L)-AS 6.9 ± 2.10 2.8 ± 2.83
MIT(L)-FC 6.9 ± 2.12 3.4 ± 3.02
OBS 8.7 2.5

Table 2. Mean yearly temperature and precipitation (±SD).
The observation (OBS) results of temperature and precipita-
tion were obtained from the APHRO and CN05 datasets, 

respectively
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scheme presents the best performance for tempera-
ture among the single schemes, which is similar to
previous studies (e.g. Im et al. 2008, Zanis et al. 2009).
When the Grell schemes are invoked over land, the 2
mixed schemes reduce the cold bias over most of the
land. When the MIT scheme is invoked over land, the
simulations are improved by the related mixed
schemes (MIT(L)-AS/FC), especially over the eastern
parts of China. According to the study by Qian et al.
(2003), the previous version model shows a cold bias
of 2 to 3°C in southern China and in parts of central
China in JJA. The cold bias is reduced in the MIT

scheme and in the 4 mixed schemes, especially for
the MIT and the MIT(L)-AS/FC schemes (with a cold
bias of <2°C over most of eastern China). All of the
CPSs produced a significant cold bias over the re-
gions, with a strong vertical topography gradient,
such as the Himalayas, the Pamir Mountains, and the
northwest edge of the Tibetan Plateau. For these
strong vertical topography gradient areas, a finer hor-
izontal resolution and a smaller time-step are re -
quired to achieve satisfactory results.

The distributions of the annual mean precipitation
biases are shown in Fig. 4, along with the CN05 grid-
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Fig. 3. Multi-annual mean temperature bias (K) in summer (JJA) between the simulated and the CN05 gridded dataset over the
China mainland in (a−h) the simulations and (i) the CN05 gridded dataset (OBS). The model output results are the temperature 

at 2 m, and the CN05 is the observed temperature (approx. 1.5 to 2.0 m above the ground surface)
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ded dataset. A dryer south and wetter north are sim-
ulated by all of the ex periments over this region. The
simulations (except for the Kuo scheme) tend to pro-
duce more rainfall than the observations over central
China. The Kuo scheme produces the poorest precip-
itation in all of the experiments, and shows a dry bias
in southern China, especially in southeastern China.
Two Grell schemes predict similar distributions over
land with a dry bias in southern China, and the dif-
ferent closure types result in a significant difference
over the ocean (not shown in the figure). The FC-
type closure allows the available buoyant energy to

be released with a time scale, leading to more rain-
fall. The AS-type closure more significantly underes-
timates the rainfall in certain parts of central and
southern China, which suggests that the releasing
time scale of buoyant energy is a key parameter in
these regions. The MIT scheme shows a better per-
formance for precipitation in the 4 single schemes in
southern China, which agrees with the previous ver-
sion (Im et al. 2008, Zanis et al. 2009). As reported
in previous studies (e.g. Giorgi et al. 2012), the MIT
scheme tends to produce excessive precipitation over
land areas, especially for the frequency of very in -
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Fig. 4. Multi-annual mean precipitation bias (mm d−1) in summer (JJA) between the simulated and the CN05 gridded dataset 
over the China mainland in (a−h) the simulations and (i) the CN05 gridded dataset (OBS)
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tense individual precipitation events. As shown in
Fig. 4d,e,h, the precipitation is clearly overestimated
in central China when the MIT is invoked over land.
The mixed schemes, such as the MIT(O)-AS/FC and
the MIT(L)-FC, improve the precipitation perform-
ance. The AS-type closure of the Grell scheme pro-
vides poorer rainfall over land, as shown in Fig. 4c,
especially in southern China and the mid and lower
reaches of the Yangtze River (MLYR). When the AS-
type closure is used in the mixed scheme over land,
more precipitation is generated but a dry bias
remains in certain parts of southern China. The wet
bias over the land areas by the MIT scheme is
reduced by MIT(L)-AS/FC, but the excessive precip-
itation that occurs due to intense individual events is
not completely eliminated. The MIT(O)-FC scheme
combines the advantages of both the MIT and the
Grell-FC schemes, leading to a better performance
for pre cipitation.

The monsoon is the seasonal variation of general
circulation, which is driven by the thermal bias
resulting from different land covers. The climate of
EA is significantly influenced by the seasonal rever-
sal of the monsoon circulation. Hence, the seasonal
average wind field of 850 hPa shows clear yearly fea-
tures. As the wind blows across the warm and wet
ocean, it gains moisture and releases it as precipita-
tion on land in the summer, whereas the wind from
the cold and dry continent results in a cold and dry
climate in the winter. The simulated wind fields are
compared with the ERA40 reanalysis dataset (Fig. 5).
In the winter, the northwesterly wind prevails over
EA, especially in northern China, and all of the
 simulations reproduce this result well using the same
scale of maximum wind speed and the appropriate
position. The subtropical high retreats to the equator,
suggesting that the easterly wind exists over the
South China Sea (SCS) and the Philippines, which
is captured by all of the simulations but with an
 ex aggerated wind speed (figures not shown). During
the onset of the summer monsoon over EA, the wind
turns southwesterly over the SCS, as shown in Fig. 5i,
and the subtropical high moves to approximately
30° N. The Kuo, Grell-AS, MIT, MIT(L)-AS, and
MIT(O)-AS schemes produce an in tensive southwest
flow at 850 hPa in JJA. The intensive southwest flow
initiates in southwest China across the middle and
lower reaches of the Yangtze River, disappearing in
the Korean peninsula. The intensified advection of
heat and moisture accompanying the anomalous
southwest flow is likely to induce the increase in tem-
perature and precipitation across the regions. As
shown in Fig. 4d,e,h, a rain belt accompanies the

intensive flow with heavy precipitation cells located
in central China when the MIT scheme is invoked
over land. The other heavy precipitation cell located
in southeast China, as shown in Fig. 4d, is contributed
by the moisture transported by the cyclonic circula-
tion located at approximately 130° E, 25° N, as shown
in Fig. 5d. However, other schemes (Kuo, Grell-AS,
and MIT(O)-AS) do not produce a heavy rain cell
with a similar intensive flow, suggesting that the
MIT is more sensitive to this.

3.2.  Clouds and radiation

Clouds play an important role in the climate system
by controlling the energy and hydrology cycles (Pal
et al. 2000). Spreading in different levels in the atmo -
sphere, clouds not only reflect and absorb solar and
long-wave terrestrial radiation, but they also emit
long-wave radiation. The radiation budget primarily
depends on the coverage and distribution of clouds.
Therefore, an evaluation of the performance of the
model in a cloud simulation is an important aspect of
climate models. However, the calculation of the total
cloud cover in climate models remains negatively
influenced by the cloud overlap assumptions (Lopez
2007), and the vertical distribution of clouds can sig-
nificantly affect the radiation budget (Stephens
2005).

Fig. 6 shows the profiles of temperature, cloud
water mixing ratio, and the cloud liquid water path
over EA for the 8 cases with different convective
schemes and the differences between the MIT(L)-FC
case and the other 7 cases. Fig. 6a−c shows that the
different experiments presented a similar vertical dis -
tribution of the cloud water mixing ratio (qc), with a
typical double-layer distribution in JJA. All of the
temperature profiles are similar, whereas the cloud
liquid water path (clwp) profiles are significantly
 different in the layer between 300 and 900 hPa in
which the cloud generates. (Note that in the model,
the clwp at level k is the integral of liquid water con-
tent between level k and level k+1.) The 3 cases with
the MIT schemes invoked over land show very simi-
lar profiles for qc, clwp, and temperature, which dis-
tinguishes them from the other CPSs. The clwp can
enhance the cloud extinction capacity for solar radia-
tion. A larger clwp indicates a stronger extinction of
short-wave and stronger long-wave emissive ability.
The effects of the short-wave extinction and long-
wave emission on surface temperature are opposite,
which can cause an uncertainty in the temperature
variation. The Kuo scheme shows a greater clwp than
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the MIT(L)-FC scheme, and the qc is below 650 hPa,
leading to a weaker solar radiation heating ratio and
a strong long-wave radiation emission of low clouds,
as shown in Fig. 6g,h, which is the primary contri -
butor to the warmer and dryer biases, as discussed
in Section 3.1. The 4 Grell schemes invoked over
land show a lower temperature near the surface than
does the MIT(L)-FC scheme, due to the increased

number of low clouds, as shown in Fig. 6e,f. The AS-
type closure tends to provide more clouds than does
the FC-type closure, and the mixed schemes provide
results that fall between the related single scheme
results.

The Kuo scheme is reported to provide poor pre-
cipitation, and is used only occasionally (Giorgi et al.
2012). The Kuo scheme is highly sensitive to the
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Fig. 5. Multi-annual mean 850 hPa wind bias in summer (JJA) between the simulated and the ERA40 re-analysis (OBS) over 
East Asia in (a–h) the simulations and (i) OBS. Shading: magnitude of the wind (corresponding to arrow length)
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given threshold value in this region according to our
study. The 2 closure types of the Grell scheme pro-
duced different results over EA, and the only differ-
ence between the 2 closure types is the releasing
time scale of the buoyant energy, suggesting that the
heating mechanism of buoyant energy is a key point
in this region. To the furthest extent possible, the
MIT scheme is based on the dynamics and micro-
physics of convection as revealed by detailed air-
craft observations (Emanuel 1991). The MIT scheme
updates the representation of the cumulus convec-
tion that attempts to represent, in a physically realis-
tic way, the physics of entrainment and mixing, cloud
microphysical processes, and large-scale control of
ensemble convective activity and the importance of
the interaction between convective downdrafts and
surface fluxes (Emanuel & Živković-Rothman 1999).
The observations suggest that a reversible ascent of
subcloud-scale entities, mixing, and buoyancy sort-
ing is better than the often-employed idealization
based on bulk-entraining plumes, such as the Grell-
FC/AS (Emanuel 1991).

3.3.  Effects of the CPSs on the climate in the   
4  sub-regions in EA

Four sub-regions (shown in Fig. 1) were selected to
investigate the model performances in regions af -
fected by the summer monsoon to different degrees.
The monsoon exerts an influence from southern to
northeastern China. In the early stage, the monsoon
affects the Pearl River Delta (PRD) and then moves to
the north from the MLYR to the northeast of China
(NEC). The primary rainfall over these regions occurs
during this period, leading to an obvious yearly cycle.
Fig. 7 shows the simulated and observed (CN05)
annual cycles of temperature and precipitation. As
shown in Fig. 7, the model produces a systematic
cold bias in the PRD, especially in the winter. Similar
results were also reported in previous studies using
earlier versions of the model (e.g. Gao et al. 2001).
The temperature performance improves as it moves
farther north, attaining the best temperature per-
formance over the NEC region. The mixed schemes
show improved performances, similar to the results
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obtained for EA. The seasonal variations of precipita-
tion for the 4 sub-regions are shown in Fig. 7e−h. All
of the experiments capture the annual cycle of pre-
cipitation, although the tendencies between the sim-
ulations and the observations are different in certain
areas, such as the MLYR and the NEC. All of the
CPSs show an improved evolution in the north plain
of China (NPC), and the diversities among the CPSs
increase in the MLYR and the PRD because of the fre-
quently activated convective systems in these areas.
The model tends to produce more precipitation com-
pared with the observations in the spring in the north-
ern parts of China, such as the NPC and the NEC.

China experienced severe flooding in the summer
of 1998, especially in the MLYR (Zhou et al. 2005),
which caused significant property damage and many
casualties. Flood events are often caused by the
heavy precipitation produced by convective systems.
The simulated and observed annual variations of
tem perature and precipitation in the MLYR are shown
in Fig. 8. All of the numerical experiments captured
the evolution of temperature with a cold bias in the
winter (DJF). All of the experiments overestimated
the rainfall in April (1998, 1999), except for the MIT
experiment. An obvious rainfall peak in June 1998
was captured by all of the CPSs except for the Kuo

scheme. The rainfall of 1998 shows a severe fluctua-
tion in the warm season; the total rainfall does not
comprise a higher precipitation in 1998 than in other
years during the warmer period, but severe rainfall
was primarily concentrated in June. Because the
Meiyu period terminates in mid- or late June, there is
always a maximum in June for the 3 years.

Fig. 9a shows the simulated and observed daily
rainfall during the period from 1 June to 31 August.
According to the study by Zhao et al. (1998), the
Meiyu over the MYLR in 1998 began on 12 June and
ended on 3 July. During this period, the model was
able to capture the rainfall. Heavy rainfall occurred
during 21 to 31 July 1998 (Zhou et al. 2005) and
caused serious property losses. The observation
clearly shows this event, and all of the experiments
reproduced this event fairly well, although the maxi-
mum rainfall is lower than the observations. All of the
experiments, except for the Kuo and MIT (O)-AS
schemes, produced inaccurate precipitation during
the second week of July. The results of the high-res-
olution (20 km) experiments are shown in Fig. 9b. All
of the schemes perform better for rainfall when the
resolution is finer, especially for the rainfall during
the second week of July. All of the experiments elim-
inate the inaccurate rainfall during early July. The
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Fig. 7. Seasonal variation of the monthly mean (a–d) temperature and (e–h) precipitation simulated using different convec-
tion parameterization schemes and the observation (CN05) for the 4 sub-regions (land only): the Pearl River Delta (PRD),
the mid and lower reaches of the Yangtze River (MLYR), the north plain of China (NPC), and the northeast of China (NEC). 

The geographic location of each region is displayed in Fig. 1
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evolutions of the simulated rainfall
are close to the observations. The
mixed schemes, such as the MIT(O)-
AS, still show better results. The sig-
nificant improvement at finer-resolu-
tion suggests that the model shows a
substantial dependency on model
resolution, especially for the precipi-
tation simulation, which agrees with
previous studies using earlier ver-
sions of the model (Gao et al. 2006,
Zhang et al. 2008).

The correlation coefficients (coeff)
be tween the cases with different CPSs
and the observations are shown in
Table 3. The simulations with a 60 km
resolution present lower coeffs with
ob servations, especially for the
MIT(L)-FC. As shown in Fig. 9a, the
MIT(L)-FC simulation missed the pre-
cipitation process that occurred
around 26 June but significantly over-
rated the precipitation on 13 July and
10 August. When the resolution is im-
proved, the simulations are much
closer to the observations, and simula-
tions with different CPSs tend to be
 similar. All of the cases show a high
coeff in the 20 km reso lution simula-
tions. The coeff of MIT(L)-FC dra -
matically rises to 0.80 in the 20 km
simu lation, which suggests that the
simu lation results are very sensitive to
the model configuration. The simula-
tion with the Kuo scheme shows a
higher coeff, but that with the Grell-
AS scheme shows no difference be-
tween 20 and 60 km resolution. The
single and mixed schemes sharing
the same scheme over land tend to
be highly consistent with each other
 under finer resolution; for example,
the coeffs be tween MIT and MIT(L)-
AS/FC can reach 0.99. This result im-
plies that the CPS over the ocean has
only a slight effect on the precipitation
simulations over land, and the mixed
CPS method can be determined by the
performance of the single schemes
 using finer resolution. All of the CPSs
present a wetter climate in this re-
gion at a finer resolution. The Kuo and
MIT schemes show a slightly increas-
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ing rainfall, whereas the Grell schemes increase by
over 50% with the improvement in resolution, indica-
ting that the Grell schemes are triggered more easily
and gener ate more precipitation under the finer reso-
lution. The Kuo scheme produces a dry summer sea-
son, and the other CPSs overrate the rainfall by 25 to
50%.

Fig. 10 presents the mean JJA profiles of temp -
erature, water mixing ratio (qv) for the 20 km resolu-
tion, the differences between the 20 km and 60 km
resolutions, and the bias between the simulations
and the obser vations (ERA40). A warm climate is ob -
tained when the resolution is improved, leading to
more water vapor in the air, as shown in Fig. 10c,d.
These results are similar to previous studies using
earlier versions of the model (Gao et al. 2006) be -
cause the finer resolution further re duces the system-
atic cloud bias, as shown in Fig. 10e,g. The triggering
Kuo scheme depends on the critical moisture con -
vergence and the increase in qv at approximately
700 hPa (as shown in Fig. 10d). The simulation with
the Kuo scheme leads to more precipitation, as
shown in Table 3. Compared with the other schemes
the Grell-AS/FC schemes show the most obvious in-
creases in qv and temperature with the resolution in-
crease alone. The Grell schemes em ployed the moist
static energy (MSE) to represent the environment
and used the maximum and minimum of the MSE to
detect the base and top of the convection clouds. As
a monotone increasing function of temperature and
qv, the uneven patterns of increasing temperature
and qv in the cases with the Grell schemes, as shown

in Fig. 10c,d, caused the in-
crease in the altitude dif -
ferences between maximum
and minimum MSE, im ply -
ing an in crease in the con -
vec tive cloud thickness, and
 evidently producing more
rainfall, as shown in Table 3.
The MIT scheme uses a
 similar approach as the Grell
scheme to detect the cloud
base, whereas it defines the
highest level of positive con-
vective available potential
energy as the cloud top. The
finer simulation of the MIT
presents increased tempera-
ture but de creased qv over
850 hPa; therefore, precipita-
tion in creases only slightly.
Fig. 10e− h shows that the

finer-resolution simulation re duces the systematic
cloud bias and the dry bias near the surface. The
MIT scheme presents an ob vious increase in qv over
800 hPa as shown in Fig. 10h, causing a very wet cli-
mate in the coarse resolution (Table 3). The Grell-AS
produces the smallest qv in the coarse simulation, re-
sulting in the lowest rainfall, as shown in Table 3.
The mixing schemes present results that fall between
the 2 re lated single schemes.

4.  DISCUSSION AND CONCLUSIONS

As a powerful tool for studying meteorological
issues, models are often employed to investigate
 various issues such as climate change, climatic pre-
diction, and extreme climate events, which require
different configurations in the model. The differ-
ences in the simulated climates among models with
different CPSs remain a complex issue, especially
for precipitation. Despite the effort that has been in -
vested to improve the performance of rainfall simula-
tion, most of the current models are still unable to
accurately simulate monsoon precipitation (Li et al.
2009). In a previous analysis (Giorgi et al. 2012),
there are clear differences in certain aspects among
the CPSs. These differences can significantly affect
the climate system in favorable conditions. In this
study, 8 tests were executed to investigate the per-
formances of different CPSs in the latest version of
RegCM4 over EA. We found that the CPS is sensitive
to regions, and no single scheme appears to present
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Expt/OBS Kuo MIT GrAS GrFC LAS LFC OAS OFC OBS 
(6.0) (11.1) (4.3) (8.3) (9.8) (9.4) (7.0) (10.1) (8.1)

Kuo (6.4) 0.34** 0.61** 0.16 0.41** 0.14 0.53** 0.37** 0.22*
MIT (11.5) 0.79** 0.37** 0.39** 0.68** 0.52** 0.45** 0.63** 0.26*
GrAS (10.8) 0.87** 0.81** 0.36** 0.58** 0.09 0.67** 0.45** 0.40**
GrFC (12.4) 0.75** 0.77** 0.90** 0.45** 0.45** 0.20 0.60** 0.25*
LAS (11.5) 0.81** 0.99** 0.82** 0.77** 0.50** 0.58** 0.62** 0.26*
LFC (11.8) 0.81** 0.98** 0.82** 0.76** 0.98** 0.10 0.47** −0.08
OAS (10.9) 0.87** 0.81** 0.99** 0.89** 0.82** 0.81** 0.38** 0.33**
OFC (12.4) 0.75** 0.76** 0.90** 0.99** 0.76** 0.75** 0.89** 0.34**
OBS (8.1) 0.80** 0.80** 0.81** 0.72** 0.79** 0.80** 0.80** 0.70**

Table 3. Correlation coefficients between experimental runs (Expt) with different con-
vection parameterization schemes and observations (OBS, CN05) in the mid and lower
reaches of the Yangtze River (land only). GrAS, GrFC, LAS, LFC, OAS, and OFC rep-
resent Grell-AS, Grell-FC, MIT(L)-AS, MIT(L)-FC, MIT(O)-AS, and MIT(O)-FC,
respectively (see Table 1 for details). The values in parentheses following the experi-
ment name are the mean seasonal precipitation values (mm d−1). Values above and
below diagonal: 60 and 20 km resolution, respectively. Correlations are significant at 

*p < 0.05 and **p < 0.01 (2-tailed)
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the best performance throughout the regions be -
cause the parameterization is not an accurate repre-
sentation of reality. The goal of this study was to eval-
uate the performance of different CPSs over the EA
monsoon region and determine the key factors or
parameters of the CPS in this well-known monsoon
region. Despite the potential uncertainties due to
the short-term simulation, evaluating the performed
RCM simulations leads to the following highlighted
results.

The new version of the model improves the tem-
perature performance in EA, especially in southern
China in the summer. The model can capture the
 seasonal variability of precipitation but loses the
intra-seasonal variability of precipitation in the mon-
soon season under coarse resolution, which is a uni-
versal defect of the current models (Meehl et al.
2007). However, when the resolution is increased,
the results of all of the CPSs are improved.

Our study also shows that the MIT scheme pro-
vides a better representation of temperature and pre-
cipitation in the single schemes, which is consistent
with previous studies (Im et al. 2008, Zanis et al.

2009). Different closure types of the Grell scheme
cause greater difference in precipitation than for
temperature, implying that the releasing time scale
of the available buoyant energy is an important
 factor in EA. Mixed schemes, such as the MIT(L)-
AS/FC, can improve simulations over EA. By exam-
ining and comparing the 8 experiments, it is argued
that the low clouds of the different schemes occur in
a number of varieties, and exert significant effects on
the surface temperature. Entrainment and mixing
with the environment had a profound effect on the
simulation results, leading to large time and space
scale effects on the climate.

Different resolutions were used to simulate a flood
event over China during the monsoon period. The
model was able to capture the rainfall events with a
low resolution, and the results could be significantly
improved with a finer resolution, suggesting that
accurately simulating precipitation requires a finer
resolution. In the future, certain key processes will
require observational support in EA, such as the time
scale of buoyant energy released and the mass flux
in the clouds.
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